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Foreword  to  Revised  Edition 


The  report  on  “Design  of  Concrete  Mixtures”  was  originally  published  in  the 
Minutes  of  the  Annual  M^eeting  of  the  Portland  Cement  Association,  held  in 
New  York  City,  December,  1918. 

In  this  revised  edition  the  following  changes  have  been  made: 

(a)  All  tables  and  figures  placed  after  the  text.  # 

(b)  Equations  (4)  and  (5)  were  changed  so  that  the  absorption  of  the  aggre¬ 

gate  is  independent  of  the  relative  consistency  of  the  concrete;  in 
other  words,  the  factor  (a  — c)  is  not  multiplied  by  the  relative  con¬ 
sistency.  The  quantities  of  mixing  water  in  Table  4  have  been  revised 
in  accordance  with  this  change.  The  table  was  also  modified  by 
making  no  allowance  for  absorption  of  aggregate. 

(c)  Footnotes  added  on  p.  7,  9  and  14  on  the  new  method  of  making  slump 

test. 

(d)  Original  Table  4  omitted;  former  Table  5  now  becomes  Table  4. 


For  further  discussion  of  methods  of  designing  concrete  mixtures  and  recent 
applications  to  construction  work,  see : 


“Quantities  of  Materials  for  Concrete,”  by  Abrams  and  Walker;  Bulletin  9 
of  this  Laboratory,  1921 ;  Second  Edition,  1925. 

Tables  of  proportions  and  quantities  of  cement,  water  and  aggregates  required  to 
produce  concrete  of  2000,  2500,  3000,  3500  and  4000  lb.  per  sq.  in.  at  28  days. 

“Field  Tests  of  Concrete,”  by  Ahlers  and  Walker;  Proc.  Am.  Concrete  Inst., 
v.  20,  p.  358,  1924.  .  .  j  .  „  „  . 

Field  tests  on  S  large  reinforced  concrete  projects  carried  out  in  blew  York  City  in 
cooperation  with  the  New  York  group  of  contractors. 


“Report  on  Field  Tests  of  Concrete  Used  on  Construction  Work,”  by  Slater 
and  Walker;  Proc.  Am.  Soc.  Civil  Eng.,  January,  1925.  Summary,  Proc. 
Am.  Concrete  Inst.,  v.  20,  p.  420,  1924. 

Field  tests  of  concrete  used  in  a  large  reinforced  concrete  building  for*  the  Victor 
Talking  Machine  Co.,  Camden,  N.  J.,  and  in  the  piers  of  the  bridge  of  the 
Central  Railroad  of  New  Jersey  across  Newark  Bay,  made  in  cooperation  with 
the  Joint  Committee  on  Standard  Specifications  for  Concrete  and  Reinforced  Con- 
crete,  the  Joint  Committee  of  Contractors,  and  the  U.  S.  Bureau  of  Standards. 

“Water-Ratio  Specification  for  Concrete,”  by  McMillan  and  Walker.  Paper 
presented  before  Am.  Soc.  Civil  Eng.,  October,  1925. 

Outlines  method  for  specifying  and  controlling  quality  of  concrete  by  means  of  water- 
ratio.  Data  from  which  estimates  of  quantities  of  materials  required  tor  different 
qualities  of  concrete  can  be  made.  Appendix  gives  specification  for  concrete  on 
water-ratio  basis  which  is  being  used  on  building  under  construction  in  Chicago. 


For  examples  of  the  application  of  these  principles  by  other  engineers,  see : 

“Old  and  New  Methods  for  Constructing  Concrete  Bridges,”  by  J.  B.  Hunley; 
Proc.  Am.  Concrete  Inst.,  v.  20,  p.  259,  1924.  Eng.  and  Contr.,  March  28, 
April  23  and  May  28,  1924. 

Method  of  proportioning  field  concrete  by  the  Big  Four  Railway  on  bridges  built  at 
Beach  Grove  and  Sidney,  Ohio. 

“Abrams’  Theory  in  Practice,”  by  P.  E.  Kressly;  Western  Highways  Builder, 
May  and  July,  1924. 

Use  in  road  construction  in  California. 

“Aggregates  and  Water-Cement  Ratios”;  Eng.  and  Contr.,  v.  63,  p.  866,  April 
24,  1925;  from  “Instructions  to  Fieldmen  for  Making  Concrete,”  by  Bronx 
Parkway  Commission.  / 

“Design  of  Concrete  Mixtures,”  by  T.  P.  Watson;  Proc.  Am.  Concrete  Inst., 
v.  21,  1925.  Abstract,  Railway  Review,  v.  76,  p.  845,  May  9,  1925. 

Data  on  experience  in  field  control  on  Beck’s  Run  Bridge  near  Pittsburgh. 


Design  of  Concrete  Mixtures 

By  DUFF  A.  ABRAMS 

The  design  of  concrete  mixtures  is  a  subject  of  vital  interest  to  all  engineers 
and  constructors  who  have  to  do  with  concrete  work.  The  problem  involved  may 
be  one  of  the  following: 

1.  What  mix  is  necessary  to  produce  concrete  of  proper  strength  for  a  given 

work? 

2.  With  given  materials  what  proportions  will  give  the  best  concrete  at  min¬ 

imum  cost? 

3.  With  different  lots  of  materials  of  different  characteristics  which  is  best 

suited  for  the  purpose? 

4.  What  is  the  effect  on  strength  of  concrete  from  changes  in  mix,  consistency 

or  size  and  grading  of  aggregate? 

Proportioning  concrete  frequently  involves  selection  of  materials  as  well  as 
their  combination.  In  general,  the  question  of  relative  costs  is  also  present. 

The  term  “Design”  is  used  in  the  title  of  this  article  as  distinguished  from 
“proportioning”  since  it  is  the  intention  to  imply  that  each  element  of  the  problem 
is  approached  with  a  deliberate  purpose  in  view  which  is  guided  by  a  rational  method 
of  accomplishment. 

The  design  of  concrete  mixtures,  with  a  view  to  producing  a  given  result  in  the 
most  economic  manner,  involves  many  complications  which  have  heretofore  defied 
analysis. 

Many  different  methods  of  proportioning  have  been  suggested;  the  most  itm 
portant  ones  may  be  characterized  as  follows : 

1.  Arbitrary  selection,  such  as  1:2:4  mix,  without  reference  to  the  size  or 

grading  of  the  fine  and  coarse  aggregate; 

2.  Density  of  aggregates  in  which  the  endeavor  is  made  to  secure  an  aggregate 

of  maximum  density; 

3.  Density  of  concrete  in  which  the  attempt  is  made  to  secure  concrete  of 

maximum  density; 

4.  Sieve  analysis,  in  which  the  grading  of  the  aggregates  is  made  to  approxi¬ 

mate  some  predetermined  sieve  analysis  curve  which  is  considered  to  give 

the  best  results ; 

5.  Surface  area  of  aggregates. 

It  is  a  matter  of  common  experience  that  the  method  of  arbitrary  selection  in 
which  fixed  quantities  of  fine  and  coarse  aggregates  are  mixed  without  regard  to 
the  size  and  grading  of  the  individual  materials,  is  far  from  satisfactory.  Our  experi¬ 
ments  have  shown  that  the  other  methods  mentioned  above  are  also  subject  to  serious 
limitations.  We  have  found  that  the  maximum  strength  of  concrete  does  not  depend 
on  either  an  aggregate  of  maximum  density  or  a  concrete  of  maximum  density, 
and  that  the  methods  which  have  been  suggested  for  proportioning  concrete  by 
'reference  to  a  fixed  sieve  analysis  are  based  on  an  erroneous  theory.  The  methods 
of  proportioning  concrete  which  have  been  proposed  in  the  past  have  failed  to  give 
proper  attention  to  the  water  content  of  the  mix.  Our  experimental  work  has 
emphasized  the  importance  of  the  water  in  concrete  mixtures,  and  shown  that  the 
water  is,  in  fact,  the  most  important  ingredient,  since  very  small  variations  in  water 
content  produce  more  important  variations  in  the  strength  and  other  properties  of 
concrete  than  similar  changes  in  the  other  ingredients. 

New  Studies  of  Concrete  Mixtures 

During  the  past  three  years  a  large  number  of  investigations  have  been  under 
way  at  the  Structural  Materials  Research  Laboratory,  Lewis  Institute,  Chicago, 
which  throw  considerable  new  light  on  the  subject  of  proportioning  concrete.  These 
investigations  are  being  carried  out  through  the  cooperation  of  the  Institute  and 
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the  Portland  Cement  Association.  These  studies  have  covered  an  investigation 
of  the  inter-relation  of  the  following  factors : 

1.  The  consistency  (quantity  of  mixing  water). 

2.  The  size  and  grading  of  aggregates. 

3.  The  mix  (proportion  of  cement). 

Any  comprehensive  study  of  proportioning  concrete  must  take  into  account  all  of 
these  factors. 

During  this  period  about  50,000  tests  have  been  carried  out  which  have  a 
bearing  on  this  subject.  These  tests  have  been  largely  confined  to  compression 
tests  of  concrete  and  mortars.  These  investigations  have  given  us  a  new  insight 
into  the  factors  which  underlie  the  correct  proportioning  of  concrete  mixtures  and 
show  the  limitations  of  older  methods.  Certain  phases  of  these  investigations  are 
still  under  way. 

The  following  may  be  mentioned  as  among  the  most  important  principles 
which  have  been  established  with  reference  to  the  design  of  concrete  mixtures. 
In  a  brief  report  of  this  kind  it  is  impracticable  to  present  more  than  an  outline  of 
the  methods  of  applying  the  principles  to  practical  problems.  In  only  a  few  instances 
are  experimental  data  given  on  which  these  conclusions  are  based. 

1.  With  given  concrete  materials  and  conditions  of  test  the  quantity  of  mixing 

water  used  determines  the  strength  of  the  concrete,  so  long  as  the  mix 
is  of  a  workable  plasticity. 

2.  The  sieve  analysis  furnishes  the  only  correct  basis  for  proportioning  ag¬ 

gregates  in  concrete  mixtures. 

3.  A  simple  method  of  measuring  the  effective  size  and  grading  of  an  ag¬ 

gregate  has  been  developed.  This  gives  rise  to  a  function  known  as  the 
“fineness  modulus”  of  the  aggregate. 

4.  The  fineness  modulus  of  the  aggregate  furnishes  a  rational  method  for 
•  combining  materials  of  different  size  for  concrete  mixtures. 

5.  The  sieve  analysis  curve  of  the  aggregate  may  be  widely  different  in  form 

without  exerting  any  influence  on  the  concrete  strength. 

6.  Aggregate  of  equivalent  concrete-making  qualities  may  be  produced  by  an 

infinite  number  of  different  gradings  of  a  given  material. 

7.  Aggregates  of  equivalent  concrete-making  qualities  may  be  produced  from 

materials  of  widely  different  size  and  grading. 

8.  In  general,  fine  and  coarse  aggregates  of  widely  different  size  or  grading 

can  be  combined  in  such  a  manner  as  to  produce  similar  results  in  con¬ 
crete. 

9.  The  aggregate  grading  which  produces  the  strongest  concrete  is  not  that 

giving  the  maximum  density  (lowest  voids).  A  grading  coarser  than  that 
giving  maximum  density  is  necessary  for  highest  concrete  strength. 

10.  The  richer  the  mix,  the  coarser  the  grading  should  be  for  an  aggregate  of 

given  maximum  size;  hence,  the  greater  the  discrepancy  between  max¬ 
imum  density  and  best  grading. 

11.  A  complete  analysis  of  the  wafer-requirements  of  concrete  shows  that  the 

quantity  of  mixing  water  required  is  governed  by  the  following  factors: 

(a)  The  condition  of  “plasticity”  or  “workability”  of  concrete  which 

must  be  used— the  relative  consistency; 

(b)  The  normal  consistency  of  the  cement; 

(c)  The  size  and  grading  of  the  aggregate; 

(d)  The  relative  volumes  of  cement  and  aggregate — the  mix; 

(e)  The  absorption  of  the  aggregate; 

(f)  The  contained  water  in  aggregate. 

12.  There  is  an  intimate  relation  between  the  grading  of  the  aggregate  and  the 

quantity  of  water  required  to  produce  a  workable  concrete. 
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13.  The  water  content  of  a  concrete  mix  is  best  considered  in  terms  of  the 

volume  of  the  cement — the  water-ratio. 

14.  The  shape  of  the  particle  and  the  quality  of  the  aggregate  have  less  in¬ 

fluence  on  the  concrete  strength  than  has  been  reported  by  other  ex¬ 
perimenters. 

Effect  of  Quantity  of  Mixing  Water  on  the  Strength  of  Concrete 

Fig.  1  shows  the  relation  between  the  compressive  strength  and  the  water  con¬ 
tent  for  28-day  tests  of  6  by  12-in.  concrete  cylinders.  Mixes  from  1 :15  to  neat 
cement  were  used ;  each  mix  was  made  up  of  aggregates  ranging  in  size  from  14- 
mesh  sand  up  to  l}4-in.  gravel;  a  wide  range  in  consistencies  was  used  for  all 
mixes  and  gradings. 

The  water  content  of  the  concrete  is  expressed  as  a  ratio  to  the  volume  of 
cement,  considering  that  the  cement  weighs  94  lb.  per  cu.  ft.  Distinguishing  marks 
are  used  for  each  mix,  but  no  distinction  is  made  between  aggregates  of  different 
size  or  different  consistencies. 

When  the  compressive  strength  is  platted  against  the  water  ratio  in  this  way, 
a  smooth  curve  is  obtained,  due  to  the  overlapping  of  the  points  for  different  mixes. 
Values  from  dry  concretes  have  been  omitted.  If  these  were  used  we  should  obtain 
a  series  of  curves  dropping  downward  and  to  the  left  from  the  curve  shown.  It  is 
seen  at  once  that  the  size  and  grading  of  the  aggregate  and  the  quantity  of  cement 
are  no  longer  of  any  importance  except  in  so  far  as  these  factors  influence  the 
quantity  of  water  required  to  produce  a  workable  mix.  This  gives  us  an  entirely 
new  conception  of  the  function  of  the  constituent  materials  entering  into  a  concrete 
mix  and  is  the  most  basic  principle  which  has  been  brought  out  in  our  studies  of 
concrete. 

The  equation  of  the  curve  is  of  the  form, 


where  S  is  the  compressive  strength  of  concrete  and  x  is  the  ratio  of  the  volume 
of  water  to  the  volume  of  cement  in  the  batch.  A  and  B  are  constants  whose  values 
depend  on  the  quality  of  the  cement  used,  age  of  the  concrete,  curing  conditions,  etc. 

This  equation  expresses  the  law  of  strength  of  concrete  so  far  as  the  pro¬ 
portions  of  materials  are  concerned.  It  is  seen  that  for  given  concrete  materials 
the  strength  depends  on  only  one  factor— the  ratio  of  water  to  cement.  Equations 
which  have  been  proposed  in  the  past  for  this  purpose  contain  terms  which  take 
into  account  such  factors  as  quantity  of  cement,  proportions  of  fine  and  coarse 
aggregate,  voids  in  aggregate,  etc.,  but  they  have  uniformly  omitted  the  only  term 
which  is  of  any  importance;  that  is,  the  water. 


For  the  conditions  of  these  tests,  equation  (1)  becomes, 


g  _  14,000 
7X 


(2) 


The  relation  given  above  holds  so  long  as  the  concrete  is  not  too  dry  for  max¬ 
imum  strength  and  the  aggregate  not  too  coarse  for  a  given  quantity  of  cement; 
in  other  words,  so  long  as  we  have  a  workable  mix. 


Other  tests  made  in  this  laboratory  have  shown  that  the  character  of  the  ag¬ 
gregate  makes  little  difference  so  long  as  it  is  clean  and  not  structurally  deficient. 
The  absorption  of  the  aggregate  must  be  taken  into  account  if  comparison  is  being 
made  of  different  aggregates. 


The  strength  of  the  concrete  responds  to  changes  in  water,  regardless  of  the 
reason  for  these  changes.  The  water-ratio  may  be  changed  due  to  any  of  the 
following  causes : 


1.  Change  in  mix  (cement  content). 

2.  Change  in  size  or  grading  of  aggregate. 

3.  Change  in  relative  consistency. 

4.  Any  combination  of  (1)  to  (3). 
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In  certain  instances  a  1:9  mix  is  as  strong  as  a  1:2  mix,  depending  only  on 
water  content.  It  should  not  be  concluded  that  these  tests  indicate  that  lean  mixes 
can  be  substituted  for  richer  ones  without  limit.  We  are  always  limited  by  the 
necessity  of  using  sufficient  water  to  secure  a  workable  mix.  So  in  the  case  of 
the  grading  of  aggregates.  The  workability  of  the  mix  will  in  all  cases  dictate  the 
minimum  quantity  of  water  that  can  be  used.  The  importance  of  the  workability 
factor  in  concrete  is  therefore  brought  out  in  its  true  relation. 

The  problem  of  designing  concrete  mixes  resolves  itself  into  this: 

To  produce  a  workable  concrete  which  has  a  given  water-ratio  using  a  minimum 
auantitv  of  cement ;  or  the  converse,  to  produce  a  workable  concrete  with  a  minimum 
water-ratio  using  a  given  quantity  of  cement.  The  methods  for  securing  the  best 
grading  of  aggregate  and  the  use  of  the  driest  concrete  which  is  workable  are  thus 
seen  to  be  only  devices  which  enable  us  to  accomplish  the  above-mentioned  results. 

Fineness  Modulus  of  Aggregate 

The  experimental  work  carried  out  in  the  laboratory  has  given  rise  to  what  we 
term  the  fineness  modulus  of  the  aggregate.  This  function  furnishes  a  method  of 
measuring  the  size  and  grading  of  the  aggregate.  It  may  be  defined  as  follows: 
The  sum  of  the  percentages  in  the  sieve  analysis  of  the  aggregate  divided  by  100. 

The  sieve  analysis  is  determined  by  using  the  following  sieves  from  the  Tyler 
standard  series:  100,  48,  28,  14,  8,  4,  %-in.,  3+in.  and  1^-in.  These  sieves  are 
made  of  square-mesh  wire  cloth.  Each  sieve  has  a  clear  opening  just  double  the 
width  of  the  preceding  one.  The  exact  dimensions  of  the  sieves  and  the  method 
of  determining  the  fineness  modulus  will  be  found  in  Table  1.  It  will  be  noted 
that  the  sieve  analysis  is  expressed  in  terms  of  the  percentages  of  material  by 
volume  or  weight  coarser  than  each  sieve. 

A  well-graded  torpedo  sand  up  to  No.  4  sieve  will  give  a  fineness  modulus  of 
about  3.00;  a  coarse  aggregate  graded  4-1*4  in.  will  give  fineness  modulus  of  about 
7.00;  a  mixture  of  the  above  materials  in  proper  proportions  for  a  1  :*t  mix  will 
have  a  fineness  modulus  of  about  5.80.  A  fine  sand  such  as  drift-sand  may  have  a 
fineness  modulus  as  low  as  1.50. 


Sieve  Analysis  of  Aggregates 

There  is  an  intimate  relation  between  the  sieve  analysis  curve  for  the  aggregate 
and  the  fineness  modulus ;  in  fact,  the  fineness  modulus  enables  us  for  the  first  time 
to  properly  interpret  the  sieve  analysis  of  an  aggregate.  If  the  sieve  analysis  of  an 
aggregate  is  platted  in  the  manner  indicated  in  Fig.  2;  that  is,  using  the  per  cent 
coarser  than  a  given  sieve  as  ordinate,  and  the  sieve  size  (platted  to  logarithmic 
scale)  as  abscissa,  the  fineness  modulus  of  the  aggregate  is  measured  by  the  area 
below  the  sieve  analysis  curve.  The  dotted  rectangles  for  aggregate  G”  show 
how  this  result  is  secured.  Each  elemental  rectangle  is  the  fineness  modulus  of  the 
material  of  that  particular  size.  The  fineness  modulus  of  the  graded  aggregate  is 
then  the  summation  of  these  elemental  areas.  Any  other  sieve  analysis  curve  which 
will  give  the  same  total  area  corresponds  to  the  same  fineness  modulus  and  will 
require  the  same  quantity  of  water  to  produce  a  mix  of  the  same  plasticity  and 
gives  concrete  of  the  same  strength,  so  long  as  it  is  not  too  coarse  for  the  quantity 
of  cement  used. 

The  fineness  modulus  may  be  considered  as  an  abstract  number ,  it  is  in  fact  a 
summation  of  volumes  of  material.  There  are  several  different  methods  of  com¬ 
puting  it,  all  of  which  will  give  the  same  result.  The  method  given  in  Table  1 
is  probably  the  simplest  and  most  direct. 

Some  of  the  mathematical  relations  involved  are  of  interest.  The  following 
expression  shows  the  relation  between  the  fineness  modulus  and  the.  size  of  the 
particle : 

m  =  7.94 +  3.32  log  d . (3) 

where  m  =  fineness  modulus 

d  =  diameter  of  particle  in  inches 
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This  relation  is  perfectly  general  so  long  as  we  use  the  standard  set  of  sieves 
mentioned  above.  The  constants  are  fixed  by  the  regular  sizes  of  sieves  used 
and  the  units  of  measure.  Logarithms  are  to  the  base  10. 

This  relation  applies  to  a  single-size  material  or  to  a  given  particle.  The 
fineness  modulus  is  then  a  logarithmic  function  of  the  diameter  of  the  particle. 
This  formula  need  not  be  used  with  a  graded  material,  since  the  value  can  be 
secured  more  easily  and  directly  by  the  method  used  in  Table  1.  It  is  applicable 
to  graded  materials  provided  the  relative  quantities  of  each  size  are  considered, 
and  the  diameter  of  each  group  is  used.  By  applying  the  formula  to  a  graded 
material  we  would  be  calculating  the  values  of  the  separate  elemental  rectangles 
shown  in  Fig.  2. 

Fineness  Modulus  Strength  Relation  for  Concrete 

Many  different  series  of  tests  have  shown  that  for  a  given  plastic  condition  of 
concrete  and  the  same  mix  there  is  an  intimate  relation  between  the  fineness  modulus 
of  the  aggregate  and  the  strength  and  other  properties  of  the  concrete.  We  have 
seen  that  the  reason  for  this  result  is  found  in  the  fact  that  the  fineness  modulus 
simply  reflects  the  changes  in  water-ratio  necessary  to  produce  a  given  plastic 
condition. 

Figs.  3  and  4  give  the  results  of  certain  compression  tests  which  bring  out  the 
relation  between  the  strength  of  the  concrete  and  the  fineness  modulus  of  the 
aggregate.  It  will  be  noted  from  Fig.  3  that  a  separate  curve  may  be  drawn  for 
each  mix.  In  each  case  there  is  a  steady  increase  in  the  compressive  strength  of 
the  concrete  as  the  fineness  modulus  of  the  aggregate  increases,  until  a  certain  value 
is  reached  which  corresponds  to  a  maximum  point.  It  will  be  noted  also  that  this 
maximum  point  corresponds  to  higher  and  higher  values  of  fineness  modulus  as  the 
quantity  of  cement  in  the  mix  is  increased.  In  other  words,  the  maximum  strength 
comes  at  a  fineness  modulus  of  about  5.80  for  the  1 :9  mix  and  about  6.40  for  the 
1 :4  mix.  In  these  tests  the  different  values  of  the  fineness  modulus  were  secured 
by  using  a  preponderance  of  the  coarser  sizes,  but  in  all  cases  maintaining  the  same 
limiting  size,  that  is,  1%  in. 

In  Fig.  4  is  found  a  similar  relation  between  the  strength  and  the  fineness 
modulus,  except  that  no  maximum  point  is  found.  This  condition  arises  from  the 
fact  that  the  maximum  size  of  the  aggregate  is  increasing  without  changing  the 
type  of  the  sieve  analysis  curve,  consequently  the  fineness  modulus  strength  curve 
continues  to  rise  indefinitely.  The  height  to  which  the  curve  rises  is  limited  only 
by  the  maximum  size  of  aggregate  which  may  be  used.  It  is  important  to  note 
that  there  is  no  conflict  between  the  indications  of  Figs.  3  and  4. 

For  all  practical  purposes  and  for  ordinary  ranges  in  concrete  mixes  the  fine¬ 
ness  modulus  strength  relation  may  be  assumed  as  a  linear  one.  The  comparison 
of  the  true  and  approximate  relation  is  brought  out  in  the  discussion  of  the  “Water 
Formula’'  below. 

A  given  value  for  the  fineness  modulus  of  an  aggregate  can  be  secured  with 
any  combination  of  percentages  in  the  sieve  analysis  which  gives  the  same  total, 
consequently,  an  infinite  variety  of  gradings  may  be  found  which  give  aggregate 
of  the  same  concrete  strength.  Table  2  gives  the  results  of  groups  of  tests  which 
bring  out  the  wide  variation  which  may  be  made  in  the  grading  of  aggregate  with¬ 
out  producing  any  essential  variation  in  the  concrete  strength.  Twenty-seven  differ¬ 
ent  gradings  of  the  same  aggregate  were  made  up.  These  gradings  covered  the 
widest  possible  range,  but  they  had  one  property  in  common ;  that  is,  a  fineness 
modulus  of  6.04.  All  specimens  were  mixed  with  the  same  quantity  of  cement  and 
water.  Separate  sets  of  specimens  were  made  of  two  different  consistencies.  The 
mean  variation  from  the  average  strength  is  about  3%. 

Table  2  also  furnishes  some  interesting  data  on  the  surface-area  method  of 
proportioning  aggregates.  It  is  seen  that  there  is  the  widest  variation  in  the  surface 
area  of  the  aggregate  without  any  appreciable  difference  in  the  concrete  strength. 
Our  studies  have  clearly  shown  that  surface  area  is  not  a  satisfactory  basis  for  pro¬ 
portioning  aggregates. 


6 


Structural  Materials  Research  Laboratory 


Design  of  Concrete  Mixes 

In  accordance  with  our  previous  statements  the  problem  of  designing  concrete 
mixes  using  given  materials  resolves  itself  into  that  of  finding  the  combination 
which  with  a  given  water-ratio  will  give  a  concrete  of  suitable  workability  using  a 
minimum  of  cement. 

The  following  outline  will  make  clear  the  steps  to  be  followed  in  the  design 
of  concrete  mixes  on  the  basis  of  our  studies  of  concrete : 


Steps  in  the  Design  of  Concrete  Mixtures 

1.  Knowing  the  compressive  strength  required  of  the  concrete,  determine  by 

reference  to  Fig.  1  the  maximum  water-ratio  which  may  be  used.  Sub¬ 
sequent  steps  in  the  design  of  concrete  mixes  are  only  devices  for 
securing  a  workable  concrete  using  this  water-ratio  and  a  minimum  quan¬ 
tity  of  cement.  It  is  obvious  that  a  given  water-ratio  can  be  secured  with 
a  minimum  of  cement  if  the  aggregate  is  graded  as  coarse  as  permissible 
(considering  its  size  and  the  mix  used)  and  if  we  use  the  driest  mix 
which  can  be  properly  placed.  Securing  a  coarse,  well-graded  aggregate, 
using  rich  mixes,  employing  the  driest  practicable  consistency,  using 
mechanical  methods  of  placing  concrete,  etc._,  are  all  methods  of  producing 
a  workable  mix  with  a  minimum  water-ratio.  Experience  or  trial  is  the 
only  guide  in  determining  the  relative  consistency  of  concrete  necessary 
in  the  work.  Obviously  the  driest  workable  consistency  should  be  used. 
The  size  of  aggregate  available,  or  which  must  be  used,  and  the  other 
factors  will  furnish  a  guide  as  to  the  mix.  The  mix'  is  expressed  as  one 
volume  of  cement  to  a  given  number  of  volumes  of  aggregate;  that  is, 
the  combined  fine  and  coarse  aggregate.  In  general,  some  allowance 
must  be  made  for  the  high  strengths  in  laboratory  tests.  In  other  words, 
a  water-ratio  somewhat  lower  than  that  given  for  the  required  strength 
in  Fig.  1  should  be  used.  For  convenience  in  the  subsequent  steps  we 
shall  deal  with  concrete  strength  instead  of  water-ratio  (as  in  Fig.  6), 
although  it  should  be  understood  that  it  is  the  water-ratio  which  fixes  the 
strength  so  long  as  we  have  a  plastic  mix. 

2.  Make  sieve  analysis  of  fine  and  coarse  aggregates,  using  Tyler  standard 

sieves  of  the  following  sizes:  100,  48,  28,  14,  8,  4,  and  \l/2  in. 

Express  sieve  analysis  in  terms  of  percentages  of  material  by  weight  (or 
separate  volumes)  coarser  than  each  of  the  standard  sieves. 

3.  Compute  fineness  modulus  of  each  aggregate  by  adding  the  percentages 

found  in  (2),  and  dividing  by  100. 

4.  Determine  the  “maximum  size”  of  aggregate  by  applying  the  following 

rules:  If  more  than  15%  of  aggregate  is  coarser  than  any  sieve  the 
maximum  size  shall  be  taken  as  the  next  larger  sieve  in  the  standard 
set;  if  less  than  15%  is  coarser  than  certain  sieves,  the  smallest  of  these 
sieve  sizes  shall  be  considered  the  maximum  size. 

5.  From  Table  3  determine  the  maximum  value  of  fineness  modulus  which 

may  be  used  for  the  mix,  kind  and  size  of  aggregate,  and  the  work  under 
consideration.  (The  values  in  Table  3  are  platted  in  Fig.  5.) 

6.  Compute  the  percentages  of  fine  and  coarse  aggregates  required  to  produce 

the  fineness  modulus  desired  for  the  final  aggregate  mixture  by  applying 
the  formula : 

p  =  100A-B . (3) 

A-C 

where  p  =  percentage  of  fine  aggregate  in  total  mixture. 

A  =  fineness  modulus  of  coarse  aggregate. 

B  =  fineness  modulus  of  final  aggregate  mixture. 

C  —  fineness  modulus  of  fine  aggregate. 
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Fig.  7  may  be  used  for  solving  Equation  3,  and  for  making  comparisons  of 
the  effect  of  certain  changes  in  proportions  of  fine  and  coarse  aggregates.  The 
distinction  between  fine  and  coarse  aggregate  is  solely  for  convenience  in  secur¬ 
ing  a  uniform  grading;  the  division  may  be  made  at  any  desired  point. 

7.  With  the  estimated  mix,  fineness  modulus  and  consistency  enter  Fig.  6  and 
determine  the  strength  of  concrete  produced  by  the  combination.  If  the 
strength  shown  by  the  diagram  is  not  that  required,  the  necessary  read¬ 
justment  may  be  made  by  changing  the  mix,  consistency  or  size  and 
grading  of  the  aggregates. 

The  quantity  of  water  required  can  be  determined  from  Formula  4  below, 
or  approximately  from  Table  4. 

IMPORTANT  NOTE:  It  must  be  understood  that  the  values  in  Fig.  6 
were  determined  from  compression  tests  of  6  by  12-in.  cylinders  stored  for  28 
days  in  a  damp  place.  The  values  obtained  on  the  work  will  depend  on  such 
factors  as  the  consistency  of’  the  concrete,  quality  of  the  cement,  methods  of 
mixing,  handling,  placing  the  concrete,  etc.,  and  on  age  and  curing  conditions. 

Strength  values  higher  than  given  for  relative  consistency  of  1.10  should 
seldom  be  considered  in  designing,  since  it  is  only  in  exceptional  cases  that  a 
consistency  drier  than  this  can  be  satisfactorily  placed.  For  wetter  concrete 
much  lower  strengths  must  be  considered. 

Calculation  of  Water  Required  for  Concrete 

Because  of  the  important  influence  of  the  quantity  of  water  in  the  concrete  it 
is  desirable  to  have  a  sound  basis  for  proportioning  the  water.  The  quantity  of 
water  necessary  for  given  proportions  and  conditions  may  be  determined  by  the 
following  formula : 


j  +  (a  — c)  n 


(4) 


where  x  =  water  required— ratio  to  volume  of  cement  in  batch  (water- 


ratio). 


R  =  Relative  consistency  of  concrete,  or  “workability  factor”. 
Normal  consistency  (relative  consistency  =  1.00)  requires 
the  use  of  such  a  quantity  of  mixing  water  as  will  cause  a 
slump  of  to  1  in.  in  a  freshly  molded  6  by  12-in.  cylinder* 
of  about  1 :4  mix  upon  withdrawing  the  form  by  a  steady, 
upward  pull.  A  relative  consistency  of  1.10  requires  the  use 
of  10%  more  water  and  under  the  above  conditions  will  give 
a  slump  of  about  5  to  6  in. 

p  =  Normal  consistency  of  cement  (ratio  by  weight). 
m=  Fineness  modulus  of  aggregate  (an  exponent), 
n  =  Volumes  of  mixed  aggregate  to  one  of  cement  (the  mix), 
a  =  Absorption  of  aggregate,  ratio  of  water  absorbed  to  volume  of 
aggregate.  (Determined  after  immersion  in  water  for  3 
hours.  Average  values  for  crushed  limestone  and  pebbles 
may  be  assumed  as  0.02;  porous  sandstones  may  reach  0.08; 
very  light  and  porous  aggregate  may  reach  0.25.) 
c  =  Moisture  contained  in  aggregate,  ratio  of  water  contained  to 
volume  of  aggregate.  (Assume  as  zero  for  room-dry  ag¬ 
gregate.) 


‘Present  practice  in  making  the  slump  test  for  workability  of  concrete  requires  the  use  of 


#  ~  *•  - -J  V-  «.v,  luqunco  LUG  use  J. 

a  truncated  cone,  4  in.  top  .diameter,  8  in.  bottom  diameter  and  12  in.  high.  For  concrete  of 
the  usual  range  of  workability  the  cone  gives  slumps  about  2/3  that  of  the  cylinder.  The 
truncated  cone  is  specified  in  the  “Report  of  the  Joint  Committee  on  Standard  Specifications  for 
Concrete  and  Reinforced  Concrete”  and  in  the  “Tentative  Method  of  Test  for  Consistency  of 
Portland  Cement  Concrete”  (Serial  Designation:  D138-2ST)  of  the  American  Society  for  Test¬ 
ing  Materials.  (Note  added  December,  1925.) 
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This  formula  takes  account  of  all  the  factors  which  affect  the  quantity  of  water 
required  in  a  concrete  mixture.  These  factors  may  be  classified  as  follows : 

1.  “Workability”  factor,  or  the  relative  consistency  of  the  concrete.  This  is 

dictated  by  the  kind  of  work  being  done;  concrete  must  be  more  plastic 
(which  generally  means  a  wetter  consistency)  in  reinforced  concrete 
building  construction  than  is  necessary  in  mass  work.  The  term  (R)  in 
the  equation  takes  care  of  this  factor.  (R)  may  vary  from,  say,  0.90  for 
a  dry  concrete  to  2.00  or  higher  for  very  wet  mixes. 

2.  Cement  factor,  which  is  made  up  of  two  parts :  the  quality  of  cement  so  far 

as  normal  consistency  is  concerned  (p)  ;  the  quantity  of  cement  in  the 
mix  (n). 

3.  The  aggregate  factor.  This  includes  the  three  terms  within  the  parenthesis 

in  Equation  4.  The  first  term,  involving  (m),  takes  account  of  the  size 
and  grading;  the  second  (a)  the  absorption,  and  the  third  (c)  the  water 
contained  in  the  aggregate. 

In  case  admixtures  of  any  kind  are  used,  another  term  must  be  inserted  in  the 
equation.  This  relation  has  been  fully  worked  out,  but  is  not  included  in  this 
report. 

Simplified  Water  Formula 

While  Equation  (4)  represents  the  true  water  relation,  it  is  somewhat  com¬ 
plicated  by  the  fact  that  the  fineness  modulus  (m)  appears  as  an  exponent.  The 
equation  can  be  expressed  in  a  simpler  form  as  follows : 


=  R 


p  +  0.22n 


42 


+  (a  — c)  n. 


(5) 


This  equation  gives  values  for  ordinary  ranges  of  mix  and  grading  of  aggregate 
which  are  sensibly  the  same  as  given  by  Equation  (4). 

Maximum  Permissible  Values  of  Fineness  M odulus  of  Aggregates 

Since  a  maximum  practicable  value  of  fineness  modulus  is  found  for  each  size 
of  aggregate  and  mix,  it  is  necessary  to  pldce  certain  limits  on  the  value  which 
may  be  used  for  proportioning  materials  for  concrete  mixes.  Table  3  gives  limits 
which  will  be  found  practicable.  Subsequent  experience  may  dictate  certain  modi-j 
fications  in  the  details. 

The  purpose  of  Table  3  is  to  avoid  the  attempt  to  secure  an  aggregate  grading 
which  is  too  coarse  for  its  maximum  size  and  for  the  amount  of  cement  used.  It 
is  also  useful  in  prohibiting  attempts  to  use  sands  which  are  too  coarse  for  best 
results  in  concrete  mixtures.  For  instance,  it  would  be  found  from  this  table  that 
the  use  of  a  sand  of  the  nature  of  standard  Ottawa  sand  is  not  permitted  except 
in  mixes  1 :2  or  richer.  j 

The  curves  in  Figure  5  are  platted  directly  from  the  values  given  for  the  stand¬ 
ard  sieves  in  Table  3. 

Chart  for  Design  of  Concrete  Mixes 

Fig.  6  is  a  nomographic  chart  for  the  design  of  concrete  mixes.  This  chart 
takes  account  of  the  following  four  factors: 

1.  The  mix  (cement  content). 

2.  The  relative  consistency. 

3.  The  grading  of  aggregate  (fineness  modulus). 

4.  The  compressive  strength  of  concrete. 

Given  any  three  of  these  factors  the  chart  enables  us  to  solve  for  the  fourth. 

This  chart  is,  of  course,  based  on  the  results  of  certain  tests.  For  practical  applica¬ 

tion  these  values  must  generally  be  reduced  by  certain  factors,  which  will  depend 
on  the  judgment  of  the  designer.  In  order  to  furnish  some  basis  for  comparison, 
compression  tests  of  1 :3  standard  sand  mortars  from  the  cement  used  in  these  tests 
are  given. 
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Suppose  we  consider  the  case  of  concrete  for  road  construction.  This  is  gen¬ 
erally  specified  as  a  1:1)4:3  or  a  1:2:3  mix,  with  aggregate  graded  up  to  D/a 
in.  These  mixes  are  about  the  same  as  what  have  been  termed  a  1:4  mix,  the  exact 
equivalent  depending  on  the  particular  size  and  grading  of  the  fine  and  coarse  ag¬ 
gregate.  Assume  that  gravel  aggregate  will  be  used,  graded  to  V/a  in.  Table  3 
shows  that  we  may  use  a  fineness  modulus  as  high  as  6.00  —  .25  —  5.75.  Knowing 
the  sieve  analysis  and  fineness  modulus  of  both  sizes  of  aggregate,  apply  the  formula 
or  Fig.  7  to  determine  the  proportions  of  each  aggregate  which  must  be  mixed  to 
secure  this  value.  Assume  that  the  concrete  will  be  mixed  to  a  relative  consistency 
i  of  1.10,  which  is  of  such  plasticity  as  will  give  a  slump  of  5  to  6  in.  in  the  test  de¬ 
scribed  above.*  Place  a  straightedge  in  Fig.  6  on  mix  1 :4  and  fineness  modulus 
5.75,  and  mark  the  point  where  it  crosses  the  reference  line  for  consistency;  from 
this  point  project  the  line  horizontally  (as  indicated  in  other  examples)  to  relative 
consistency  1.10.  It  will  be  seen  that  this  gives  a  compressive  strength  of  3,400  lb. 
per  sq.  in.  at  28  days. 

The  effect  of  using  other  mixes,  gradings  or  consistencies  on  the  strength  can 
be  seen  at  once  from  the  diagram.  For  instance,  if  the  water  were  increased  to  a 
relative  consistency  of  1.25  (not  nearly  so  wet  as  is  frequently  seen  in  road  work) 
the  strength  will  be  reduced  to  2,700  lb.  per  sq.  in. — a  reduction  of  over  20  per  cent. 
If  the  mix  were  changed  to  1 :4)4  and  other  factors  the  same  as  in  the  first  example, 
the  strength  would  be  3,200  lb.  per  sq.  in.  We  should  have  to  change  the  mix  to 
as  lean  as  1  :5j4  in  order  to  secure  the  same  reduction  in  strength  as  was  found 
above  for  a  change  from  1.10  to  1.25  consistency. 

By  using  the  wetter  of  the  two  consistencies  we  secure  concrete  of  the  same 
strength  as  if  we  had  used  one-third  less  cement  and  the  drier  mix.  In  other 
words,  increasing  the  mixing  water  13%  causes  the  same  reduction  in  strength  as 
if  we  should  omit  33%  of  the  cement.  This  example  shows  the  reason  for  empha¬ 
sizing  the  importance  of  proper  control  of  mixing  water  in  concrete. 

This  chart  enables  us  to  answer  such  questions  as  the  following: 

Which  is  the  stronger,  a  1:3  mortar  or  a  1:5  concrete  mixture? 

Assuming  that  concrete  of  the  same  plasticity  is  used,  the  relative  strengths  will 
depend,  of  course,  on  the  grading  of  the  aggregates  and  the  mix.  In  one  case  we 
have  assumed  1  :3  mix  with  fineness  modulus  equal  to  3.00.  This  will  give  a  strength 
for  normal  consistency  of  3,000  lb.  per  sq.  in.  The  1 :5  mix  (fineness  modulus  5.70) 
gives  a  strength  for  normal  consistency  of  about  3,300  lb.  per  sq.  in.  The  strengths 
for  other  consistencies  can  be  found  by  reading  horizontally  across  the  chart  as  in¬ 
dicated  by  the  dotted  lines. 

Unfortunately,  we  now  have  no  proper  basis  for  absolute  values  for  strength 
of  concrete.  This,  of  course,  makes  it  necessary  to  refer  to  particular  tests  as  in  Fig. 
6.  This  condition  emphasizes  the  importance  of  working  out  a  test  of  cement  which 
will  give  us  at  once  the  concrete  strength  for  given  materials,  mixes,  etc.  With  the 
present  method  of  testing  cement  it  is  impossible  to  do  more  than  make  a  rough 
i  guess  as  to  the  strength  of  concrete  from  the  results  of  briquet  tests. 

Quantity  of  Water  Required  for  Concrete 

The  formulas  given  above  (4  and  5)  show  the  elements  which  make  up  the  water- 
requirements  of  a  concrete  mix.  Table  4  gives  the  quantity  of  water  required  for 
certain  mixes  and  values  of  fineness  modulus.  Quantities  are  given  in  terms  of 
:  gallons  per  sack  of  cement.  In  this  table  no  allowance  is  made  for  the  absorption 
of  the  aggregate  and  moisture  in  the  aggregate.  This  table  is  of  interest  when  we 
consider  that  it  has  been  found  that  a  given  water-ratio  corresponds  to  constant 
!  concrete  strength  regardless  of  the  combination  of  mix,  consistency  or  grading  of 
j  aggregate  which  may  be  used,  so  long  as  we  have  a  workable  concrete. 

Further  Discussion  of  Concrete  Mixes 

The  importance  of  the  water-ratio  on  the  strength  of  concrete  will  be  shown  in 
the  following  considerations : 

One  pint  more  water  than  necessary  to  produce  a  plastic  concrete  reduces  the 
strength  to  the  same  extent  as  if  we  should  omit  2  to  3  lb.  of  cement  from  a  1-bag 
batch. 


See  footnote  on  page  7. 
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Our  studies  give  us  an  entirely  new  conception  of  the  function  performed  by 
the  various  constituent  materials.  The  use  of  a  coarse,  well-graded  aggregate 
results  in  no  gain  in  strength  unless  we  take  advantage  of  the  fact  that  the  amount 
of  water  necessary  to  produce  a  plastic  mix  can  thus  be  reduced.  In  a  similar  way 
we  may  say  that  the  use  of  more  cement  in  a  batch  does  not  produce  any  beneficial 
effect  except  from  the  fact  that  a  plastic,  workable  mix  can  be  produced  with 
a  lower  water-ratio. 

The  reason  a  rich  mixture  gives  a  higher  strength  than  a  lean  one  is  not  that 
more  cement  is  used,  but  because  the  concrete  can  be  mixed  (and  usually  is  mixed) 
with  a  water-ratio  which  is  relatively  lower  for  the  richer  mixtures  than  for  the 
lean  ones.  If  advantage  is  not  taken  of  the  fact  that  in  a  rich  mix  relatively  less 
water  can  be  used,  no  benefit  will  be  gained  as  compared  with  a  leaner  mix.  In  all 
this  discussion  the  quantity  of  water  is  compared  with  the  quantity  of  cement  in  the 
batch  (cubic  feet  of  water  to  1  sack  of  cement)  and  not  to  the  weight  of  dry 
materials  or  of  the  concrete  as  is  generally  done. 

The  mere  use  of  richer  mixes  has  encouraged  a  feeling  of  security,  whereas 
in  many  instances  nothing  more  has  been  accomplished  than  wasting  a  large  quantity 
of  cement,  due  to  the  use  of  an  excess  of  mixing  water.  The  universal  acceptance 
of  this  false  theory  of  concrete  has  exerted  a  most  pernicious  influence  on  the 
proper  use  of  concrete  materials  and  has  proven  to  be  an  almost  insurmountable 
barrier  in  the  way  of  progress  in  the  development  of  sound  principles  of  concrete 
proportioning  and  construction. 

Rich  mixes  and  well-graded  aggregates  are  just  as  essential  as  ever,  but  we 
now  have  a  proper  appreciation  of  the  true  function  of  the  constituent  materials  in 
concrete  and  a  more  thorough  understanding  of  the  injurious  effect  of  too  much 
water.  Rich  mixes  and  well-graded  aggregates  are  after  all  only  a  means  to  an 
end;  that  is,  to  produce  a  plastic,  workable  concrete  with  a  minimum  quantity  of 
water  as  compared  with  the  cement  used.  Workability  of  concrete  mixes  is  of 
fundamental  significance.  This  factor  is  the  only  limitation  which  prevents  the 
reduction  of  cement  and  water  in  the  batch  to  much  lower  limits  than  are  now 
practicable. 

The  above  considerations  show  that  the  water  content  is  the  most  important 
element  of  a  concrete  mix,  in  that  small  variations  in  the  water  cause  a  much  wider 
change  in  the  strength  than  similar  variations  in  the  cement  content  or  the  size  or 
grading  of  the  aggregate.  This  shows  the  absurdity  of  our  present  practice  in 
specifying  definite  gradings  for  aggregates  and  carefully  proportioning  the  cement, 
then  guessing  at  the  water.  It  would  be  more  correct  to  carefully  measure  the 
water  and  guess  at  the  cement  in  the  batch. 

The  grading  of  the  aggregate  may  vary  over  a  wide  range  without  producing 
any  effect  on  concrete  strength,  so  long  as  the  cement  and  water  remain  unchanged. 
The  consistency  of  the  concrete  will  be  changed,  but  this  will  not  affect  the  concrete 
strength  if  all  mixes  are  plastic.  The  possibility  of  improving  the  strength  of 
concrete  by  better  grading  of  aggregates  is  small  as  compared  with  the  advantages 
which  may  be  reaped  from  using  as  dry  a  mix  as  can  be  properly  placed.  Table  4 
shows  the  effect  of  water  on  the  strength  of  concrete. 

It  is  impracticable  to  lay  down  a  general  rule  for  the  quantity  of  water  which 
should  be  used  in  a  concrete  mix,  since  it  was  seen  in  the  water  formulas  given 
above  that  the  total  water  is  governed  by  a  large  number  of  different,  factors.  How¬ 
ever,  it  is  only  the  water  which  goes  to  the  cement  (that  is,  exclusive  of  absorbed 
water)  which  affects  the  concrete  strength.  The  failure  to  recognize  this  fact  has 
led  to  many  erroneous  conclusions  from  tests  made  to  determine  the  relative  merits 
of  different  aggregates. 

Table  4  gives  the  quantity  of  water  required  for  plastic  mixes  for  certain 
assumed  conditions  of  normal  consistency  of  cement,  absorption  of  aggregate,  and 
relative  consistency.  Water  is  expressed  in  terms  of  gallons  per  sack  of  cement. 
In  using  this  table  the  dependence  of  the  value  of  fineness  modulus  which  may  be 
used  on  the  size  of  aggregate  and  the  mix,  referred  to  in  Table  3,  should  not  be 
overlooked. 

Without  regard  to  the  actual  quantity  of  mixing  water,  the  'following  rule  is  a 
safe  one  to  follow :  Use  the  smallest  quantity  of  mixing  water  that  will  produce  a 
plastic  or  workable  concrete.  The  importance  of  any  method  of  mixing,  handling, 
placing  and  finishing  concrete  which  will  enable  the  builder  to  reduce  the  water 
content  of  the  concrete  to  a  minimum  is  at  once  apparent. 
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II 


Table  1 

METHOD  OF  CALCULATING  FINENESS  MODULUS  OF  AGGREGATES 

The  sieves  used  are  commonly  known  as  the  Tyler  standard  sieves  Each  sieve 
has  a  clear  opening  just  double  that  of  the  preceding  one. 

The  sieve  analysis  may  be  expressed  in  terms  o'f  volume  or  weight. 

The  fineness  modulus  of  an  aggregate  is  the  sum  of  the  percentages  given  by 
the  sieve  analysis,  divided  by  100.  &  &  j 


Sieve 

Size  of 

Square  Opening 

Sieve  Analysis  of  Aggregates 

Per  Cent  of  Sample  Coarser  than  a  Given 

Sieve 

Sand 

Pebbles 

Size 

in.  mm. 

Fine 

(A) 

Medium 

(B) 

Coarse  Fine  Medium  Coarse' 
(C)  (D)  (E)  (F) 

Aggregate 

(G)** 

48-mesh* . 0116 

28-mesh* . 0232 

14-mesh* . 046 

8-mesh . 093 

4-mesh . 185 

f6-in . 37 

J4-in . 75 

1  /4-in .  1.5 


.295 

.59 

1.17 

2.36 

4.70 

9.4 

18.8 

38.1 


52 

20 

0 

0 

0 

0 

0 

0 


Fineness  Modulus . 1.54 


91 

97 

100 

100 

100 

98 

70 

81 

100 

100 

100 

92 

46 

63 

100 

100 

100 

86 

24 

44 

100 

100 

100 

81 

10 

25 

100 

100 

100 

78 

0 

0 

86 

95 

100 

71 

0 

0 

51 

66 

86 

49 

0 

0 

9 

25 

50 

19 

0 

0 

0 

0 

0 

0 

2.41 

3.10 

6.46 

6.86 

7.36 

5.74 

*(Note  added  at  fifth  printing,  October,  1922.)  The  No.  48,  28,  and  14-mesh  sieves  give 
the  same  separation  as  the  No  50  30,  and  16  now  used  in  the  “Tentative  Method  of  Test  for 
Sieve  Analysis  of  Aggregates  for  Concrete  of  the  American  Society  for  Testing  Materials  The 
No.  50,  30,  and  16  sieves  are  now  used  in  all  our  tests.  materials,  ine 

^Concrete  aggregate  “G”  is  made  up  of  25%  of  sand  “B”  mixed  with  75%  of  pebbles  “E.” 
28<£  “A”*  Sthh79^  W°F  ”  bf  Se9rTred  b7  mixing  33%  sand  “B”  with  67%  coarse  pebbles  “F”; 

t  il  72%  V  etc-r  The  ProPortl°n  coarser  than  a  given  sieve  is  made  up  by  the 
addition  of  these  percentages  of  the  corresponding  size  of  the  constituent  materials. 
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Table  2 

EFFECT  OF  GRADING  OF  AGGREGATES  ON  THE  STRENGTH 

OF  CONCRETE 


Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Mix  1 :5  by  volume ;  age  at  test,  28  days ;  stored  in  damp  sand ;  tested  damp. 

Aggregates— sand  and  pebbles  from  Elgin,  Ill.  Aggregates  were  screened  to 
different  sizes  and  recombined  to  conform  to  predetermined  sieve  analyses. 

'  The  aggregates  were  made  up  in  such  a  manner  as  to  give  the  widest  variations 
in  the  grading  of  the  particles.  All  gradings  had  one  common  property,  in  that  the 
fineness  modulus  was  exactly  the  same — m  =  6.04.  1  he  fineness,  modulus  of  the 
aggregate  is  the  sum  of  the  percentages  in  the  sieve  analysis,  divided  by  100. 

The  same  quantity  of  water  was  used  in  all  specimens  of  a  given  consistency. 
The  110%  consistency  contains  10%  more  water  than  the  100%. 


Each  specimen  was  made  from  a  separate  batch. 

Each  value  in  the  strength  tests  is  the  average  from  5  tests  made  on  different 
days.  (From  Series  78.)  _ 

Compressive  Strength 
Fineness  Surface  Area  of  Concrete  at  28  days 
Sieve  Analysis  of  Aggregate  Modulus  of  Aggregate  sq.  in.  (lb.  per  sq,  in.) 

Ref.  Per  Cent  Coarser  than  Each  Sieve  of  Aggre-  per  lb.  of  per  g.  of  100%  Con-  110%  Con- 


No. 

100 

48 

28 

14 

8 

4 

Vi 

V4  154  1/22 

40 

99 

98 

95 

90 

81 

68 

49 

24 

0 

259 

99 

98 

96 

92 

84 

67 

46 

22 

0 

260 

98 

97 

93 

88 

80 

67 

52 

29 

0 

261 

97 

94 

91 

85 

77 

67 

58 

35 

0 

262 

95 

92 

87 

82 

75 

67 

67 

39 

0 

263 

95 

90 

84 

78 

73 

67 

62 

55 

0 

264 

95 

89 

82 

75 

67 

67 

67 

62 

0 

265 

100 

97 

91 

79 

72 

67 

58 

40 

0 

266 

100 

97 

93 

88 

83 

67 

50 

27 

7  0 

267 

99 

97 

94 

86 

77 

67 

47 

27 

16  —  0 

268 

98 

95 

90 

83 

83 

83 

50 

22 

0 

269 

98 

94 

90 

86 

83 

80 

55 

18 

0 

270 

96 

90 

80 

80 

80 

80 

60 

39 

0 

271 

100 

96 

92 

87 

81 

75 

50 

23 

0 

272 

95 

91 

87 

82 

77 

73 

59 

40 

0 

273 

99 

95 

88 

80 

76 

73 

61 

32 

0 

274 

90 

85 

81 

78 

75 

73 

66 

56 

0 

275 

100 

93 

82 

73 

73 

73 

63 

47 

0 

276 

100 

100 

100 

92 

81 

60 

45 

26 

0 

277 

100 

98 

95 

90 

80 

60 

50 

31 

0 

278 

100 

99 

96 

92 

84 

55 

50 

28 

0 

279 

100 

99 

96 

91 

80 

50 

50 

38 

0 

280 

98 

84 

84 

84 

84 

57 

57 

57 

0 

281 

99 

98 

91 

86 

80 

76 

38 

38 

0 

282 

99 

98 

91 

86 

80 

76 

46 

30 

0 

283 

99 

98 

91 

86 

80 

76 

61 

15 

0 

284 

Ave 

99 

:rage 

98 

91 

85 

80 

76 

67 

8 

0 

Minimum  Value 


Maximum  Value  . 

Mean'  Variation  from  Average-^per  cent 


gate  Aggregate  Cement  sistency  sistency 


6.04 

602 

8.8 

3,300 

2,890 

6.04 

569 

8.2 

2,950 

2,650 

6.04 

764 

11.4 

3,120 

2,760 

6.04 

999 

15.2 

3,140 

2,790 

6.04 

1,292 

20.1 

3,100 

2,800 

6.04 

1,451 

23.0 

2,830 

2,740 

6.04 

1,565 

25.2 

2,680 

2,580 

6.04 

761 

11.9 

3,070 

2,690 

6.04 

616 

9.0 

3,080 

2,790 

6.04 

709 

10.5 

3,150 

2,710 

6.04 

834 

12.6 

3,080 

2,500 

6.04 

898 

13.3 

3,050 

2,550 

6.04 

1,391 

21.5 

2,970 

2,550 

6.04 

672 

10.0 

2,930 

2,710 

6.04 

1,315 

20.2 

3,000 

2,580 

6.04 

911 

13.9 

2,950 

2,740 

6.04 

1,992 

31.3 

2,680 

2,440 

6.04 

1,076 

16.7 

2,820 

2,620 

6.04 

390 

5.6 

3,040 

2,780 

6.04 

557 

8.3 

2,900 

2,770 

6.04 

483 

7.0 

2,940 

2,750 

6.04 

514 

7.6 

3,080 

2,750 

6.04 

1,276 

19.7 

3,000 

2,780 

6.04 

701 

10.4 

2,940 

2,700 

6.04 

697 

10.2 

3,020 

2,660 

6.04 

689 

10.1 

2,930 

2,670 

6.04 

685 

9.9 

2,970 

2,630 

6.04 

904 

13.8 

2,990 

2,690 

390 

5.6 

2,680 

2,440 

1,992 

31.3 

3,300 

2,890 

34.4 

37.2 

3.41 

3.04 
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Table  3 

MAXIMUM  PERMISSIBLE  VALUES  OF  FINENESS  ^MODULUS 
OF  AGGREGATES 

For  mixes  other  than  those  given  in  the  table,  use  the  values  for  the  next 
leaner  mix. 

For  maximum  sizes  of  aggregate  other  than  those  given  in  the  table,  use  the 
values  for  the  next  smaller  size. 

Fine  aggregate  includes  all  material  finer  than  No.  4  sieve;  coarse  aggregate 
includes  all  material  coarser  than  the  No.  4  sieve.  Mortar  is  a  mixture  of  cement, 
water  and  fine  aggregate. 

This  table  is  based  on  the  requirements  for  sand-and-pebble  or  gravel  aggregate 
composed  of  approximately  spherical  particles,  in  ordinary  uses  of  concrete  in  rein¬ 
forced'  concrete  structures.  For  other  materials  and  in  other  classes  of  work  the 
maximum  permissible  values  of  fineness  modulus  for  an  aggregate  of  a  given  size 
is  subject  to  the  following  corrections: 

(1)  If  crushed  stone  or  slag  is  used  as  coarse  aggregate,  reduce  values  in 
table  by  0.25.  For  crushed  material  consisting  of  unusually  flat  or  elongated 
particles,  reduce  values  by  0.40. 

(2)  For  pebbles  consisting  of  flat  particles,  reduce  values  by  0.25. 

(3)  If  stone  screenings  are  used  as  fine  aggregate,  reduce  values  by  0.25. 

(4)  For  the  top  course  in  concrete  roads ,  reduce  the  values  by  0.25.  If  finish¬ 
ing  is  done  by  mechanical  means,  this  reduction  need  not  be  made. 

(5)  In  work  of  massive  proportions,  such  that  the  smallest  dimension  is  larger 
than  10  times  the  maximum  size  of  the  coarse  aggregate,  additions  may  be  made 
to  the  values  in  the  table  as  follows:  for  j^-in.  aggregate  0.10;  for  1^-in.  0.20;  for 
3-in.  0.30;  for  6-in.  0.40. 

Sand  with  fineness  modulus  lower  than  1.50  is  undesirable  as  a  fine  aggregate 
in  ordinary  concrete  mixes.  Natural  sands  of  such  fineness  are  seldom  found. 

Sand  or  screenings  used  for  fine  aggregate  in  concrete  must  not  have  a  higher 
fineness  modulus  than  that  permitted  for  mortars  of  the  same  mix.  Mortar  mixes 
are  covered  by  the  table  and  by  (3)  above. 


Crushed  stone  mixed  with  both  finer  sand  and  coarser  pebbles  requires  no 
reduction  in  fineness  modulus  provided  the  quantity  of  crushed  stone  is  less  than 
30%  of  the  total  volume  of  the  aggregate. 


The 

values 

from 

this 

table 

are 

platted  in 

Fig. 

3. 

Mix 

Cem.-Agg. 

Size 

of  Aggregate 

0-28 

0-14 

0-8 

0-4 

0-3* 

0-& 

0-'A* 

o-H 

0-1  in.* 

0-1*4  0-2.1* 

0-3  in.  0-4 y2* 

0-6  in. 

1-9 . 

1.85 

2.45 

3.05 

3.45 

3.85 

4.25 

4.65 

5.00 

5.40 

5.80 

6.25 

6.65 

7.05 

1-7 . 

1.95 

2.55 

3.20 

3.55 

3.95 

4.35 

4.75 

5.15 

5.55 

5.95 

6.40 

6.80 

7.20 

1-6 . 

2.05 

2.65 

3.30 

3.65 

4.05 

4.45 

4.85 

5.25 

5.65 

6.05 

6.50 

6.90 

7.30 

1-5 . 

2.15 

2.75 

3.45 

3.80 

4.20 

4.60 

5.00 

5.40 

5.80 

6.20 

6.60 

7.00 

7.45 

1-4 . 

..  1.70 

2.30 

2.90 

3.60 

4.00 

4.40 

4.80 

5.20 

5.60 

6.00 

6.40 

6.85 

7.25 

7.65 

1-3 . 

. .  1.85 

2.50 

3.10 

3.90 

4.30 

4.70 

5.10 

5.50 

5.90 

6.30 

6.70 

7.15 

7.55 

8.00 

1-2 . 

2.70 

3.40 

4.20 

4.60 

5.05 

5.45 

5.90 

6.30 

6.70 

7.10 

7.55 

7.95 

8.40 

•Considered  as  “half-size”  sieves;  not  used  in  computing  fineness  modulus. 
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Table  4 

QUANTITY  OF  MIXING  WATER  REQUIRED  FOR  CONCRETE 

[  3  30n  "1 

TP+  126^  +  (a  —  c)  n 

Where  x  =  Water  required — ratio  to  volume  of  cement  in  batch  (water- 
ratio). 

R  =  Relative  consistency,  or  “workability  factor.”  Where  R  =  1.00 
the  concrete  is  said  to  be  of  “normal  consistency.” 
p  =  Normal  consistency  of  cement  by  weight  (assume  p=0.2 3). 
m  =  Fineness  modulus  of  aggregate. 

n  =  Volume  of  mixed  aggregate  to  one  volume  of  cement, 
a  “  Absorption  of  aggregate,  ratio  of  water  absorbed  to  volume  of 
aggregate. 

c  =  Moisture  in  aggregate,  ratio  of  water  contained  to  volume  of 
aggregate. 

(a  —  c)  =  Net  absorption  of  aggregate  by  volume. 

No  allowance  is  made  for  the  absorption  of  the  aggregate  and  moisture  in  the 
aggregate.  In  other  words,  no  allowance  is  made  for  the  net  absorption  (a  —  c). 
This  may  be  determined  by  tests  on  the  aggregate  in  the  field. 

To  determine  the  number  of  gallons  of  water  per  sack  of  cement,  multiply 
the  water-ratio  (x)  by  7.48. 

A  relative  consistency  of  1.00  (normal  consistency)  requires  the  use  of  such  a 
quantity  of  mixing  water  as  will  cause  a  slump  of  to  1  in.*  in  a  freshly  molded 
6  by  12-in.  cylinder  of  about  1 :4  mix  upon  withdrawing  the  form  by  a  steady,  upward 
pull.  This  consistency  is  somewhat  dry  for  most  concrete  work,  but  can  be  used 
where  light  tamping  is  practicable. 

A  relative  consistency  of  1.10  (10%  more  water  than  required  for  normal 
consistency)  represents  about  the  driest  concrete  which  can  be  satisfactorily  used 
in  concrete  road  construction.  Under  the  conditions  mentioned  above,  this  con¬ 
sistency  will  give  a  slump  of  about  5  to  6  in* 

A  relative  consistency  of  1.25  represents  about  the  wettest  consistency  which 
should  be  used  in  reinforced  concrete  building  construction.  Under  the  conditions 
mentioned  above,  this  consistency  will  give  a  slump  of  about  8  to  9  in* 

For  mixes  and  fineness  moduli,  other  than  those  given  in  the  table,  approxi¬ 
mate  values  may  be  determined  by  interpolation.  For  specific  cases  use  the  formula. 


Mix  Gallons  of  Water  per  Sack  of  Cement 

Cem.-Agg.  _ Using  Aggregates  of  Different  Fineness  Moduli _ 

by  Volume  1.50  2.00  2.50  3.00  3.50  4.00  4.50  5.00  5.50  6.00  6.50  7.00 

Relative  Consistency  —  (R)  =  1.00 

1-9 .  108  1573  1  379  V27T  11.6  10.6  9.7  9.0  8.2  7.6  7.1  6.6 

-1-7 . 13.7  12.5  11.4  10.4  9.6  8.8  8.1  7.6  7.0  6.5  6.1  5.7 

1-6 .  12.1  11.1  10.1  9.3  8.6  7.9  7.3  6.8  6.4  6.0  5.6  5.3 

1-5 .  10.5  9.6  8.9  8.2  7.6  7.0  6.6  6.1  5.7  5.4  5.1  4.8 

1-4 .  9.0  8.2  7.6  7.1  6.6  6.2  5.8  5.4  5.1  4.8  4.6  4.4 

1-3 .  7.3  6.8  6.4  6.0  5.6  5.3  5.0  4.7  4.5  4.3  4.1  3.9 

1-2 .  5.7  5.4  5.1  4.8  4.6  4.4  4.2  4.0  3.8  3.7  3.6  3.5 


Relative  Consistency  —  (R)  =  1.10 

1-9 .  1875  108  151  lTO  1278  1L6  107  979  9.0  8.4  7.8  7.3 

1-7 .  15.1  13.7  12.5  11.4  10.6  9.7  8.9  8.4  7.7  7.2  6.7  6.3 

1-6 .  13.3  12.2  11.1  10.2  9.5  8.7  8.0  7.5  7.0  6.6  6.2  5.8 

1-5 .  11.5  10.6  9.8  9.0  8.4  7.7  7.3  6.7  6.3  5.9  5.6  5.3 

1-4  .  9.9  9.0  8.4  7.8  7.3  6.8  6.4  5.9  5.6  5.3  5.1  4.8 

1-3 .  8.0  7.5  7.0  6.6  6.2  5.8  5.5  5.2  5.0  4.7  4.5  4.3 

1-2  ...  6.3  5.9  5.6  5.3  5.1  4.8  4.6  4.4  4.2  4.1  4.0  3.8 


Relative  Consistency  —  (R)  =  1.25 

T9  7  2U)  1971  1774  1579  1475  1373  1271  1173  102  9.5  8.9  8.2 

1-7 .  17.1.  15.6  14.3  13.0  12.0  11.0  10.1  9.5  8.8  8.1  7.6  7.1 

1-6 .  15.1  13,9  12.6  11.6  10.8  9.9  9.1  8.5  8.0  7.5  7.0  6.6 

1-5 .  13.1  12.0  11.1  10.3  9.5  8.8  8.2  7.6  7.1  6.8  6.4  6.0 

1-4  .  11.2  10.3  9.5  8.9  8.2  7.8  .  7.2  6.8  6.4  6.0  5.8  5.5 

1-3 .  9.1  8.5  8.0  7.5  7.0  6.6  6.3  5.9  5.6  5.4  5.1  4.9 

1-2 .  7.1  6.7  6.4  6.0  5.8  5.5  5.3  OO  4.8  4.6  4.5 _ 4.4 


*See  footnote  on  page  7. 
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Sand 

cylinders. 

The 

and  pebble  aggregate  graded  0-1 54  inch;  28-day  compression 
(Series  78.) 

sieve  analyses  of  the  aggregates  in  Fig.  3  are  given  below: 

tests  of  6  by  12-inch 

Range 

in  Size 

Fineness 

Modulus 

Per  Cent  Coarser  than  Each  Sieve 

100 

48 

28 

14 

8 

4 

H 

H 

1)4 

2 

0-154.. 

.  4.30 

89 

82 

72 

62 

51 

38 

25 

11 

0 

.  4.93 

95 

89 

82 

73 

61 

47 

32 

14 

0 

.  5.40 

98 

94 

88 

80 

69 

55 

38 

18 

0 

.  6.04 

99 

98 

95 

90 

81 

68 

49 

24 

0 

.  6.25 

100 

99 

97 

92 

85 

72 

S3 

27 

0 

.  6.45 

100 

99 

98 

95 

88 

77 

58 

30 

0 

.  6.60 

100 

100 

99 

96 

91 

80 

62 

32 

0 

.  6.82 

100 

100 

99 

98 

94 

86 

68 

37 

0 

fig.  3.  RELATION  BETWEEN  FINENESS  MODULUS  OF  AGGREGATE 
AND  STRENGTH  OF  CONCRETE 
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/vrxerretss  Atfo&i'Ass  o/~ 

Twenty-eight-day  compression  tests  of  6  by  12-inch  cylinders.  (Series  78.)  Sand  and  pebble 
aggregate  graded  to  sizes  shown.  The  contrast  between  the  relation  shown  by  these  tests  and 
those  in  Fig.  3  should  be  noted. 

The  sieve  analyses  of  the  aggregates  in  Fig.  4  are  given  below: 


Range  Fineness  Per  Cent  Coarser  than  Each  Sieve 


in  Size  Modulus  100  48  28  14  8  4  y$  y  1 J4  2 


0-14  . .  2.16  95  84  37  0  . 

0-  4  .  3.06  96  90  62  40  18  0  . 

0-  H .  4.26  96  91  83  71  54  31  0  . 

0-  A .  5.24  98  96  91  83  71  54  31  0  . . 

0-  I'A .  6.04  99  98  95  90  81  68  49  24  0 

0-  2  6.72  100  99  97  94  87  77  62  42  14  0 


FIG.  4.  RELATION  BETWEEN  FINENESS  MODULUS  OF  AGGREGATE 
AND  STRENGTH  OF  CONCRETE 
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Af/x-  l/bf//770S  of  /4<?<?/'oj?ofo>  /o  oo><?  ofCe/770/7/ 


FIG.  5.  MAXIMUM  PERMISSIBLE  VALUES  OF  FINENESS  MODULUS  OF  AGGREGATE 

Graphical  reproduction  of  Table  3.  These  curves  are  based  on  the  requirements  of  sand 
and  pebble  aggregate.  For  crushed  stone  aggregate  the  values  must  be  reduced  as  noted  in 

the  table. 


Af/W  Sy  \/o/6//77e’ 
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A?e>/b//V<?  Co/7S/s/d,/7cy 


This  chart  is  based  on  compression  tests  of  6  by  12-inch  cylinders;  age  28  days;  stored  in 
damp  sand. 

The  cement  used  gave  compressive  strengths  in  1-3  standard  sand  mortar  as  follows,  when 
tested  in  the  form  of  2  by  4-inch  cylinders: 


Age 

7  days  . 
28  days  . 
3  months 
1  year 


Lb.  per  Sq.  In. 
1,900 

3.200 

4.200 
4,300 


See  Table  3  for  maximum  permissible  values  of  fineness  modulus  of  aggregates  for  concretes 
of  different  mixes. 


FIG.  6.  DIAGRAM  FOR  THE  DESIGN  OF  CONCRETE  MIXTURES 
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A— B 

Based  on  equation  p=100 - 

A — C 

where  p  =  percentage  of  fine  aggregate  in  total  mixture. 
A  =  fineness  modulus  of  coarse  aggregate. 

B  =  fineness  modulus  of  total  aggregate. 

C  =  fineness  modulus  of  fine  aggregate. 


FIG  7.  DIAGRAM  FOR  DETERMINING  QUANTITY  OF  SAND  REQUIRED 
IN  CONCRETE  MIXES 
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FOREWORD 


This  paper  was  first  published  as  a  part  of  the  Report  of  the 
Committee  on  Masonry  of  the  American  Railway  Engineering 
Association  (Proceedings,  Yol.  20,  1919).  It  was  reprinted  as 
Bulletin  2  of  this  Laboratory  in  May,  1919.  A  second  printing 
was  necessary  in  December,  1920.  At  that  time  a  few  minor 
errors  were  corrected  and  the  bibliography  was  brought  up  to 
date  by  the  addition  of  a  number  of  references  which  did  not 
appear  in  the  original  report. 

A  third  printing  is  now  necessary.  A  few  footnotes  have 
been  added  which  show  departures  of  present  practice  from  that 
followed  in  the  tests.  The  bibliography  has  been  again  revised. 

Acknowledgment  is  made  to  the  American  Railway  Engi¬ 
neering  Association  for  permission  to  reprint  this  paper  in  bulletin 
form. 


EFFECT  OF  CURING  CONDITION  ON  THE  WEAR 
AND  STRENGTH  OF  CONCRETE 


By  Duff  A.  Abrams. 

Introduction. 

The  necessity  for  careful  restriction  on  the  quantity  of  mixing  water 
used  in  concrete,  and  the  importance  of  proper  curing  conditions  during 
the  period  of  setting  and  hardening  are  not  generally  appreciated  by 
engineers  and  contractors  doing  concrete  work.  In  view  of  the  wide¬ 
spread  use  of  concrete  in  the  construction  of  pavements,  floors,  loading 
platforms,  and  in  other  places  requiring  high  strength  and  resistance  to 
abrasion,  it  seemed  desirable  to  carry  out  an  experimental  study  which 
would  bring  out  the  effect  of  water  content  and  curing  conditions  on 
the  compressive  strength  and  the  wearing  resistance  of  concrete,  and  the 
relation  between  these  two  properties. 

These  tests  were  made  as  a  part  of  the  experimental  studies  of  the 
properties  of  concrete  and  concrete  materials,  being  carried  out  through 
the  cooperation  of  Lewis  Institute  and  the  Portland  Cement  Association 
at  the  Structural  Materials  Research  Laboratory. 

This  series  comprised  compression  tests  of  120  6  by  12-in.  cylinders  and 
wear  tests  on  300  blocks,  8  in.  square  and  5  in.  in  thickness.  A  1 : 4  mix 
was  used  throughout,  that  is,  1  volume  cement  and  4  volumes  mixed  aggre¬ 
gate.  This  mix  is  about  the  same  as  the  1 :  1)4  : 3  or  1:2:3  mixes  generally 
used  for  concrete  which  is  to  withstand  high  stresses  or  to  form  the 
wearing  surface  of  pavements.  Most  of  the  tests  were  made  on  sand  and 
pebble  aggregates.  One  group  was  repeated  with  crushed  limestone  as 
coarse  aggregate. 

Concrete  of  six  different  consistencies  was  used,  each  being  stored 
under  four  different  conditions : 

(1)  Damp  sand  4  months  (120  days),  tested  damp, 

(2)  Damp  sand  21  days,  air  99  days, 

(3)  Damp  sand  3  days,  air  117  days, 

(4)  Air  of  laboratory  for  entire  curing  period  of  4  months. 

Parallel  tests  were  made  throughout  on  compression  and  wear.  All 

tests  were  made  at  the  age  of  4  months. 

The  wear  blocks  were  tested  in  the  Talbot-Jones  rattler  by  the  same 
methods  that  were  used  in  other  tests  carried  out  in  this  Laboratory.* 

Acknowledgment  is  due  to  the  Chicago  Gravel  Company,  Chicago, 
for  their  courtesy  in  furnishing  the  sand  and  pebble  aggregate  used  in 
these  tests,  and  to  Dolese  &  Shepard,  Chicago,  for  the  crushed  limestone. 

*See  “A  Method  of  Making  Wear  Tests  of  Concrete,”  by  D.  A.  Abrams,  Proc. 
Am.  Soc.  Testing  Mat.,  Part  II,  1916;  also  “Effect  of  Time  of  Mixing  on  the  Strength 
and  Wear  of  Concrete.”  by  D.  A.  Abrams,  Proc.  Am.  Concrete  Ins.,  1918. 
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Materials. 

The  portland  cement  used  in  these  tests  consisted  of  a  mixture  of 
equal  parts  of  four  brands  purchased  in  the  Chicago  market.  The  brands 
were  thoroughly  mixed  by  placing  one  sack  of  each  in  a  concrete  mixer 
and  running  for  about  one  minute.  Complete  tests  of  the  cement  are 
given  in  Table  1. 

Table  1 — Tests  of  Cement. 

The  cement  consisted  of  a  mixture  of  equal  parts  of  four  brands  purchased  on  the 
Chicago  market  (Lot  No.  3705). 

All  tests  made  in  accordance  with  Standard  Specifications  and  Tests  for  Portland 
Cement  of  the  American  Society  for  Testing  Materials. 


Miscellaneous  Tests. 


Fineness 
Residue 
on  200 
Sieve 

Normal 
Consistency 
Per  Cent 
by  Weight 

Time  of  Setting 

Soundness 
Test  (over 
Boiling 
Water) 

Vicat  Needle 

Gillmore  Needle 

Initial 

Final 

Initial 

Final 

h.  m. 

h.  m. 

h.  m. 

h.  m. 

20.4 

23.0 

4:25 

8:05 

5:10 

8:45 

O.K. 

1:3  standard  sand  mortar.  M °rtar  S trenZth  T ests‘ 


Mixing 

Water 

Per 

Cent 

Tensile  Strength  of  Briquets 
lb.  per  sq.  in. 

Compressive  Strength  of  2  by  4-in.  Cylinders 
lb.  per  sq.  in. 

7  da. 

28  da. 

3  mo. 

6  mo. 

1  yr. 

2  yr. 

7  da. 

28  da. 

3  mo. 

6  mo. 

1  yr. 

2  yr. 

10.3 

266 

367 

464 

431 

415 

357 

2080 

3800 

4240 

5130 

5060 

4600 

The  aggregates  consisted  of  sand  and  pebbles  from  the  Chicago 
Gravel  Company’s  plant  near  Elgin,  Ill.,  and  crushed  limestone  from 
Dolese  &  Shepard  Company’s  quarry.  Before  using,  the  sand  was  'screened 
through  a  No.  4  sieve.  All  material  coarser  than  this  size  was  rejected. 
The  sand  was  used  without  further  screening,  but  care  was  taken  to  see 
that  the  material  in  the  bin  was  thoroughly  mixed  so  that  it  was  uniform 
throughout  the  series.  Pebbles  and  crushed  limestone  were  screened  to 
three  different  sizes  (No.  4-}i,  and  54-1 J4  in.)  and  recombined  in 

definite  proportions  for  each  batch,  as  shown  by  the  sieve  analyses  in 
Table  2. 

The  mixing  and  curing  water  was  from  the  city  water  supply  obtained 
from  Lake  Michigan. 

The  weights  per  cubic  foot  of  aggregates  were  determined  by  means 
of  machined,  cast-iron  measures  having  capacities  of  Vk  and  Yz  cu.  ft. 
The  %  cu.  ft.  measure  was  used  for  the  sand  and  the  cu.  ft.  for  the 
coarse  aggregates  and  the  mixed  aggregates.  The  inside  diameter  of 
each  measure  is  equal  to  the  depth.  The  test  was  made  by  filling  the 
measure  about  one-third  full  and  puddling  with  a  5/&-in.  steel  bar  pointed 
at  the  lower  end.  Filling  and  puddling  were  continued  in  like  manner 
until  the  measure  was  full.  After  striking  off  with  a  straightedge  the 
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weight  was  determined.  This  is  the  method  recommended  by  Committee 
C-9  on  Concrete  of  the  American  Society  for  Testing  Materials,  but  the 
method  has  not  yet  been  standardized  by  the  Society.* 

Table  2 — Sieve  Analysis  of  Aggregates. 

Sieves  manufactured  by  the  W.  S.  Tyler  Company,  Cleveland,  Ohio. 


Sieve  Size  of 
Number  Clear 


or  Opening 

Size  inches 


Sand 


100 

.0058 

48* 

.0116 

28* 

.023 

14* 

.046 

8 

.093 

4 

.185 

% 

.37 

% 

.75 

1 M 

1  25 

98 

90 

60 

42 

22 

0 


Per  Cent  by  Weight  Coarser  than  Each  Sieve 


Crushed 

Sand 

Sand 

Pebbles 

Lime- 

and 

and 

stone 

Pebbles 

Limestone 

100 

100 

99 

99 

100 

100 

96 

96 

100 

100 

84 

84 

100 

100 

77 

77 

100 

100 

69 

69 

100 

100 

60 

60 

84 

84 

50 

50 

50 

50 

30 

30 

0 

0 

0 

0 

*(Note  added  at  Third  Printing,  September,  1922).  The  No.  48,  28,  and  14-mesh 
?Vev?S  vie  saiTie  separation  as  the  No.  50,  30,  and  16  now  used  in  the  “Tentative 
Method  of  Test  for  Sieve  Analysis  of  Aggregates  for  Concrete”  of  the  American 
Society  for  Testing  Materials.  The  No.  50,  30  and  16  sieves  are  now  used  in  all  our 
tests. 

Table  3 — Miscellaneous  Tests  of  Aggregates. 


Test 

Sand 

Pebbles 

Crushed 

Lime¬ 

stone 

Sand 

and 

Pebbles 

Sand 

and 

Limestone 

Unit  Weight  of  Dry  Aggregate 
lb.  per  cu.  ft. 

115.5 

112.5 

99.5 

131.0 

123.0 

Absorption  of  Aggregate  * 

Per  cent  by  volume . 

2.3 

2.2 

1.6 

Per  cent  by  weight . 

1.3 

1.3 

1.0 

Abrasion  Test  § 

Loss  in  weight — per  cent 
Standard  method . 

2.3 

5  2 

Rea’s  method . 

8.8 

12.3 

*After  immersion  in  water  at  room  temperature  for  3  hr. 


§Abrasion  tests  were  made  in  the  Deval  abrasion  testing  machine.  In  -the  stand¬ 
ard  method  a  sample  of  50  pieces  weighing  5000  g.  was  placed  in  the  test  chamber  and 
run  for  10,000  revolutions.  Rea’s  method  was  first  used  by  A.  S.  Rea,  of  the  Ohio 
^utc  Plighway  Department,  Columbus.  It  consists  in  using  a  5000-g.  sample,  made  up 
°j  ,“500  g.  of  aggregate  )4  to  34  in.  in  size  and  2500  g.  of  aggregate  34  to  1)4  in.  In 
addition  to  the  aggregate  six  1^4  in.  cast-iron  balls  were  placed  in  the  test  chamber  as 
an  abrasive  charge.  The  entire  sample  was  run  for  10,000  revolutions.  It  will  be  seen 
that  Rea  s  method  is  much  more  severe  than  the  standard  method. 


The  absorption  of  the  aggregate  was  determined  as  follows : 

The  sand  was  dried  to  constant  weight  and  cooled  to  room  tempera¬ 
ture  in  a  desiccator.  A  500-g.  sample  was  placed  in  a  500-cc.  volumetric 
flask  and  the  volume  of  water  necessary  to  fill  to  mark  carefully  meas¬ 
ured.  At  frequent  intervals  the  flask  was  filled  to  mark.  The  zero 
volume  was  obtained  in  the  same  manner,  except  that  the  sand  was  coated 
with  kerosene  to  prevent  absorption  of  water.  This  is  an  adaptation  of 
Rea’s  method  for  determining  specific  gravity  of  fine  aggregates.** 


*(Note  added  at  Third  Printing,  September,  1922).  This  method  is  now  stand- 
ard  under  the  title  Standard  Method  of  Test  for  Unit  Weight  of  Aggregate  for 
Concrete”;  Serial  Designation  C  20-21. 

**See  “Apparent  Specific  Gravity  of  Non-Homogeneous  Fine  Aggregates,”  by  A. 
S.  Rea.  Proc.  Am.  Soc.  Testing  Mat.,  Part  II.  1917. 
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Fig.  1— Talbot -Jones  Rattler  with  Concrete  Wear  Blocks  in  Place. 

Wear  tests  were  made  on  blocks  8  in.  square,  S  in.  thick. 


The  coarse  aggregate  was  dried  to  constant  weight,  cooled  to  room 
temperature  and  weighed,  then  immersed  in  water  at  room  temperature. 
At  frequent  intervals  it  was  removed  from  the  water,  quickly  surface- 
dried  with  a  towel  and  weighed.  Our  experience  with  these  methods 
indicates  that  the  absorption  at  about  3  hours  gives  the  best  results  in 
estimating  the  quantity  of  water  necessary  for  concrete  mixes. 


Fig.  2 — Talbot-Jones  Rattler  with  Head  Closed  Ready  for  Test. 

The  machine  was  operated  for  1800  revolutions  at  30  r.  p.  m. 

The  abrasive  charge  consisted  of  200  lb.  of  cast-iron  balls. 
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Proportioning  and  Mixing  Concrete. 

In  all  the  tests  included  in  this  report  the  concrete  consisted  of  a 
1:4  mix  by  volume;  that  is,  1  volume  of  cement  to  4  volumes  of  aggre¬ 
gate  mixed  as  used  considering  94  lbs.  of  cement  as  1  cu.  ft.  This  mix  is 
equivalent  to  the  l:iy2\3  or  1:2:3  mixes  generally  used  for  one-course 
concrete  road  construction.  The  exact  equivalent  of  our  1 :  4  mix  when 
expressed  in  the  customary  manner  will  depend  on  the  size  and  grading  of 
the  aggregate. 

The  concrete  was  mixed  by  hand  in  the  manner  regularly  followed 
in  making  such  tests  in  this  Laboratory.  Each  specimen  was  made  from 
a  separate  batch  of  about  Vs  cu.  ft.,  which  was  proportioned  separately 


/P0/0//V0  Cbs7-5/s/err7Cy  of 

Fig.  3 — Effect  of  Quantity  of  Mixing  Water  on  the  Strength  of 

Concrete. 

Compression  tests  of  6  by  12-in.  cylinders  at  age  of  4  months. 

Each  value  is  the  average  of  four  tests  made  on  two  different 
days.  Same  data  as  in  Fig.  5. 

and  mixed  with  a  bricklayer’s  trowel  in  a  shallow  metal  pan.  This  method 
leaves  no  uncertainty  as  to  the  exact  quantities  of  materials  in  each  specimen. 

The  term  “consistency”  as  used  in  this  report  refers  to  the  plasticity 
of  the  concrete;  that  is,  the  relative  and  not  the  actual  quantity  of  mixing 
water.  It  has  been  found  convenient  to  express  the  quantity  of  water 
used  in  the  concrete  in  terms  of  the  volume  of  cement.  This  so-called 
water-ratio  has  been  shown  to  be  the  best  criterion  of  the  strength  of 
the  concrete. 


6 


Structural  Materials  Research  Laboratory 


The  consistency  which  we  have  called  “normal”  (relative  consistency 
=  1.00)  is  of  such  a  plasticity  that  a  6  by  12-in.  cylinder*  of  1 :4  concrete 
will  “slump”  to  1  in.  upon  removal  of  the  metal  form  by  a  steady,  up¬ 
ward  pull  immediately  after  molding  the  specimen.  Concrete  of  relative  con¬ 
sistency  of  1.10  will  show  a  slump  of  5  to  6  in. ;  1.25,  a  slump  of  8  to  9  in. 

Test  Pieces. 

This  report  covers  compression  tests  of  6  by  12-in.  concrete  cylinders 
and  wear  tests  on  concrete  blocks  8  in.  square  and  5  in.  in  thickness. 

The  6  by  12-in.  cylinders  were  molded  in  metal  forms  made  of  12-in. 
lengths  of  6-in.  inside  diameter  cold  drawn  steel  tubing,  which  had  been 
split  along  one  element  by  means  of  a  thin  slotter.  The  form  was  closed 
by  a  circumferential  band.  Each  form  stood  on  a  machined,  cast-iron 


Fig.  4 — Effect  of  Quantity  of  Mixing  Water  on  the  Strength  of 

Concrete. 

Compression  tests  of  6  by  12-in.  cylinders  at  age  of  28  days. 

Each  value  is  the  average  from  five  tests.  Details  of  these  tests 
are  not  given  in  this  report. 

base  plate.  A  thin  sheet  of  paraffined  tissue  paper  was  placed  between 
the  base  plate  and  the  cylinder  form. 

In  molding  the  cylinder  the  form  was  filled  about  one-third  full  and 
the  concrete  puddled  with  a  Y-'m.  steel  bar  about  21  in.  long.  Filling 
and  puddling  were  continued  until  the  form  was  full.  The  top  was 

*(Note  added  at  Third  Printing,  September,  1922).  Present  practice  in  making 
the  slump  test  for  consistency  or  workability  of  concrete  requires  the  use  of  a  4  by  8 
by  12-in.  truncated  cone.  For  concrete  of  a  given  consistency  the  cone  gives  slumps 
about  1/3  less  than  the  cylinder.  The  truncated  cone  is  specified  in  the  Progress 
Report  of  the  Joint  Committee  on  Standard  Specifications  for  Concrete  and  Rein¬ 
forced  Concrete  and  is  used  in  the  Tentative  Specifications  for  Workability  of  Con¬ 
crete  for  Concrete  Pavements  of  the  American  Society  for  Testing  Materials. 
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Table  4 — Wear  and  Compression  Tests  of  Concrete. 

Hand-mixed  concrete.  1 :  4  by  volume. 

Aggregate  graded  0-1%  in. 

The  same  sand  used  in  all  tests. 

Coarse  aggregate  consisted  of  pebbles  or  crushed  limestone  of  the  same  grading. 
The  specimens  were  stored  for  the  period  shown  in  damp  sand,  the  remainder  of 
the  time  in  the  air  of  the  Laboratory.  Age  at  test,  4  months. 

Wear  tests  made  in  Talbot-Jones  rattler — total  of  1800  revolutions. 

Wear  tests  are  average  of  five  8  by  8  by  5-in.  blocks. 

Compression  tests  are  average  of  two  6  by  12-in.  cylinders. 

The  second  set  of  tests  in  each  group  was  made  2  to  4  weeks  after  the  first. 


Coarse  Aggregate 

Mixing 

Water 

Depth'of  Wear — Inches 
8  by  8  by  5-in.  Blocks 

Compressive  Strength 
lb.  per  sq.  in. 

(6  by  12-in.  Cylinders) 

Relative 

Consistency 

Water-Ratio 

Damp  Sand 
Storage 

21  days  in 
Damp  Sand 

3  days  in 
Damp  Sand 

Air  Storage 

Damp  Sand 

Storage 

21  days  in 

Damp  Sand 

3  days  in 

Damp  Sand 

Air  Storage 

Pebbles . 

.90 

.66 

.53 

.34 

.82 

1.29 

4970 

5310 

2890 

2110 

.54 

.51 

.84 

.91 

4990 

5150 

2720 

2260 

.54 

.43 

.83 

1.10 

4980 

5230 

2810 

2190 

Crushed  Limestone . 

.90 

.66 

.48 

5970 

.52 

5700 

.50 

5890 

Pebbles . 

1.00 

.73 

.54 

.52 

.83 

1.01 

5530 

4550 

3040 

2290 

.52 

.41 

.78 

1.10 

4760 

4960 

2960 

2020 

.53 

.47 

.81 

1.06 

5200 

4760 

3000 

2160 

Crushed  Limestone . 

1.00 

.73 

.34 

5800 

.46 

5280 

.40 

5540 

Pebbles . 

1.10 

.81 

.52 

.51 

1.00 

1.23 

4470 

3940 

2350 

2240 

.56 

.54 

.98 

1.02 

5020 

4220 

2410 

2050 

. 

.54 

.53 

.99 

1.12 

4750 

4080 

2380 

2150 

Crushed  Limestone . 

1.10 

.81 

.48 

5390 

.52 

5540 

.50 

5470 

Pebbles . 

1.25 

.91 

.57 

.51 

.96 

1.56 

4700 

4350 

2360 

1640 

.63 

.56 

1.25 

1.64 

4490 

3640 

1900 

1710 

.60 

.54 

1.10 

1.60 

4600 

4000 

2130 

1680 

Crushed  Limestone .  .  . 

1.25 

.91 

.58 

4320 

.56 

4850 

.57 

4590 

Pebbles . 

1.35 

.99 

.59 

.69 

1.49 

2.40 

3860 

2570 

1400 

1420 

.66 

.60 

1.61 

1.51* 

3650 

3100 

1310 

1250 

.63 

.69 

1.55 

1 . 51 

3760 

2880 

1360 

1340 

Crushed  Limestone . 

1.35 

.99 

.59 

1 . 51* 

3910 

.61 

3820 

.60 

3870 

Pebbles . 

1.50 

1.09 

.74 

.85 

2.34 

1.68 

3740 

2300 

1330 

1280 

.73 

.92 

2.00* 

.  .  ,.f 

3530 

2440 

1090 

1240 

.73 

.89 

.  .  .  .f 

1.68 

3640 

2370 

1210 

1260 

Crushed  Limestone . 

1.50 

1.09 

.60 

2.00* 

2640 

.68 

3190 

- 

.64 

2920 

*  Omitting  one  badly  damaged  block. 

t  One  block  disintegrated,  allowing  entire  charge  to  fall  out  after  about  1100 
revolutions. 
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S/bse *///?  ZP&st?/?  Sc^cZ-c^ys 

Fig.  5 — Effect  of  Curing  Conditions  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in.  cylinders  at  age  of  4  months. 

Each  value  is  the  average  of  four  tests  made  on  two  different 
days.  Same  data  as  in  Fig.  3. 


Fig.  6— Effect  of  Quantity  of  Mixing  Water  on  the  Wear  of  Concrete. 

Wear  tests  of  8  by  8  by  5-in.  blocks  at  age  of  4  months.  Each 
value  is  the  average  of  10  blocks  made  on  two  different  days. 

Same  data  as  ih  Fig.  7. 
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leveled  off  with  a  bricklayer’s  trowel.  About  3  to  4  hours  after  molding, 
a  thin  layer  of  neat  cement  paste  (which  was  mixed  at  the  same  time  or 
before  the  concrete)  was  spread  over  the  top  of  the  cylinder.  A  piece  of 
plate  glass  and  a  sheet  of  paraffined  paper  were  used  to  form  a  cap,  which 
made  a  smooth,  square  end  for  loading.  The  glass  remained  in  place 
until  the  form  was  removed. 

This  method  of  capping  is  much  better  than  setting  the  specimens  in 
plaster  of  paris  or  a  cement-plaster  mixture  immediately  before  testing. 
It  has  the  following  advantages : 

(1)  The  cap  is  just  as  strong  and  stiff  as  the  concrete  and  forms 

an  integral  part  of  the  specimen. 

(2)  The  time  and  labor  required  is  a  small  part  of  that  necessary 

with  the  plaster  method. 

(3)  The  plate  glass  prevents  evaporation  of  water  during  the  period 

the  concrete  is  in  the  form. 

(4)  The  cylinder  is  ready  for  test  at  any  time  without  further  prep¬ 

aration.  I 


S&S7Cy- 


Fig.  7 — Effect  of  Curing  Conditions  on  the  Wear  of  Concrete. 

Wear  tests  of  8  by  8  by  5-in.  blocks  at  age  of  4  months.  Each 

value  is  the  average  of  10  blocks  made  on  two  different  days. 

Same  data  as  in  Fig.  6. 

The  metal  forms  for  the  wear  blocks  were  made  in  gangs  of  three. 
The  form  was  set  on  a  sheet  of  building  paper  laid  directly  on  the  con¬ 
crete  floor.  The  form  was  filled  before  puddling.  The  top  was  leveled 

off  with  a  trowel.  After  a  period  of  1  to  2  hours  the  top  of  the  blocks 

was  finished  by  hand  with  a  wood  float.  Instead  of  capping,  the  blocks 
were  covered  with  a  sheet  of  wet  building  paper  and  about  3  in.  of  damp 
sand.  This  method  prevented  loss  of  water  while  the  blocks  were  in  the 
forms. 
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All  test  pieces  were  allowed  to  remain  in  the  metal  forms  over  night. 
Upon  removal  of  the  forms  they  were  stored  in  the  manner  indicated  in 
Table  4.  Two  cylinders  and  five  wear  blocks  were  made  in  each  group 
before  the  duplicate  sets  were  begun.  The  duplicate  sets  were  made  two 
to  four  weeks  after  the  first. 


Methods  of  Testing. 

The  compression  tests  of  concrete  were  made  in  a  200,000-lb.  Olsen 
universal  testing  machine.  A  spherical  bearing  block  was  used  on  top  of 
the  cylinders. 

Wear  tests  of  concrete  were  made  in  the  Talbot-Jones  rattler.  The 
test  pieces  consist  of  blocks  8  in.  square  and  5  in.  in  thickness.  The  blocks 
are  arranged  around  the  perimeter  of  the  drum  of  the  rattler,  as  shown  in 
Fig.  1.  Ten  blocks  constitute  a  test  set.  The  ten-side  polygon  formed  by 
the  test  blocks  presents  a  nearly  continuous  surface.  The  outside  diam- 


Fig.  8 — Effect  of  Quantity  of  Mixing  Water  on  the  Strength  and 
Wear  of  Concrete. 

Average  curves  from  Fig.  3  and  6.  The  quantity  of  mixing 
water  is  expressed  as  a  ratio  to  the  volume  of  cement  in  the 
batch.  Each  value  for  compression  is  the  average  of  20  tests 
(four  curing  conditions).  Each  value  for  wear  is  the  average  of 
50  tests  (four  curing  conditions).  In  interpreting  this  diagram 
it  should  be  borne  in  mind  that  we  have  averaged  the  four  stor¬ 
age  conditions  described  in  Table  4.  For  best  curing  conditions 
the  concrete  will  show  a  higher  strength  and  much  less  wear  than 
any  indicated  on  this  diagram. 


eter  of  the  polygon  thus  formed  is  36  in.  and  the  inside  diameter  26  in. 
During  the  test  the  front  of  the  chamber  is  closed  by  means  of  a  light 
steel  plate.  The  abrasive  charge  consists  of  200  pounds  of  cast-iron  balls 
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(about  133  1  Y&  in.  and  10  3*4  in.  in  diameter).  These  balls  conform  to 
the  requirements  for  the  standard  rattler  test  of  paving  brick  of  the 
American  Society  for  Testing  Materials. 

The  test  consists  of  exposing  the  inner  faces  of  the  concrete  blocks  to 
the  wearing  action  of  the  charge  for  1800  revolutions  at  the  rate  of  30 
r.  p.  m.  The  machine  was  run  for  900  revolutions  in  one  direction,  then 
reversed.  Two  sets  of  blocks  are  tested  at  once  in  the  machine  now  in 
use.  Each  block  was  weighed  upon  removal  from  the  form,  upon  removal 
from  the  damp  sand,  immediately  before  and  after  testing.  The  loss  in 
weight  during  the  test,  reduced  to  an  equivalent  depth  of  wear  in  inches, 
was  used  as  a  measure  of  the  wear. 

Absorption  tests  were  made  on  two  wear  blocks  from  each  set  of  10. 
The  tests  were  made  when  the  blocks  were  about  one  year  old,  after  hav¬ 
ing  been  stored  in  the  open  air  in  the  laboratory  during  the  period  follow¬ 
ing  the  wear  test.  The  blocks  were  dried  to  approximately  constant  weight 


Fig.  9— Effect  of  Curing  Condition  on  the  Strength  and  Wear  of 

Concrete. 

Average  curves  from  Fig.  5  and  7.  Each  value  for  compres¬ 
sion  is  the  average  of  24  tests  (four  each  for  six  consistencies). 

Each  value  for  wear  is  the  average  of  60  blocks  (10  each  for  six 
consistencies).  The  upward  trend  of  the  wear  curve  results  from 
the  abnormal  wear  of  the  4-month  sand-stored  blocks  on  account 
oi  being  tested  in  damp  condition. 


on  a  steam  radiator,  weighed  and  immersed  in  water  at  room  temperature. 
At  various  intervals  they  were  removed  from  the  water,  allowed  to  drain 
for  about  5  minutes  and  weighed.  The  gain  in  weight  was  reduced  to  an 
equivalent  volume  of  absorbed  water. 
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Discussion  of  Tests. 

The  tests  included  in  this  report  consisted  of  compression  tests  of 
120  6  by  12-in.  concrete  cylinders  and  300  wear  tests  of  8  by  8  by  5-in. 
blocks,  as  well  as  miscellaneous  tests  of  cement  and  aggregate.  A  1:4 
mix  was  used  throughout,  with  aggregate  graded  up  to  l^-in.  In  general 
the  coarse  aggregate  was  pebbles  j  in  one  group  of  tests  crushed  limestone 
was  used.  This  mix  is  approximately  the  same  as  that  generally  used  in 
one-course  concrete  road  construction.  Four  different  curing  conditions 
were  used  for  pebble  aggregate  as  follows: 

(1)  Damp  sand  4  months,  tested  damp, 

(2)  Damp  sand  21  days,  air  99  days, 

(3)  Damp  sand  3  days,  air  117  days. 

(4)  Air  of  laboratory  for  entire  curing  period  of  4  months. 


Fig.  10— Relation  Between  the  Strength  and  Wear  of  Concrete. 

Compression  tests  of  6  bv  12-in.  cylinders,  and  wear  tests  of 
8  bv  8  by  5-in.  blocks  at  age  of  4  months.  Each  value  is  based 
on  the  averages  of  four  compression  tests,  and  10  wear  tests. 

All  consistencies  and  curing  conditions  are  included. 


Group  (1)  was  repeated,  using  crushed  limestone  as  coarse  aggregate. 
All  compression  and  wear  tests  were  made  at  age  of  4  months.  Average 
values  from  the  strength  and  wear  tests  are  given  in  Table  4. 
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Effect  of  Quantity  of  Mixing  Water  on  the  Strength  of  Concrete. 

Fig-  3  gives  the  results  of  the  tests  on  the  effect  of  quantity  of  mixing 
water  on  the  compressive  strength  of  concrete.  A  separate  curve  has 
been  drawn  for  each  curing  condition.  An  average  curve  from  these  tests 
will  be  found  in  Fig.  8.  The  remarkable  influence  of  the  quantity  of 
mixing  water  on  the  strength,  other  factors  being  the  same,  is  clearly 
shown  by  these  curves.  It  will  be  remembered  that  the  consistency  which 
we  have  called  1.00  (normal  consistency)  is  such  that  a  1  ;  4  mix  gives  a 
slump  of  y2  to  1  in.  when  the  form  is  slipped  off  the  freshly  molded 
cylinder.  A  consistency  of  .90  contains  90  per  cent  of  the  amount  of 
water  required  for  normal  consistency;  a  consistency  of  1.50  contains 


Fig.  11 — Relation  Between  Strength  and  Wear  of  Concrete. 

Same  data  as  in  Fig.  10,  except  curve  platted  on  logarithmic 
scales.  The  points  shown  are  taken  from  the  curve  in  Fig.  10. 

1^2  times  the  quantity  of  water  used  in  the  normal  consistency  concrete, 
etc.  The  normal  consistency  concrete  may  be  characterized  as  plastic ; 
the  .90  is  somewhat  dry;  the  1.50  quite  wet,  but  contains  much  less  water 
than  the  ‘sloppy”  mixes  frequently  seen  in  reinforced  concrete  work. 

It  will  be  noted  that  there  is  a  rapid  falling-off  in  strength  as  the 
water  content  is  increased  from  normal  consistency.  With  a  consistency 
of  1.25  the  strength  is  reduced  to  about  75  per  cent  of  the  highest;  with 
a  consistency  of  1.50  the  strength  is  only  one-half  that  which  may  be 
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obtained  with  the  same  cement  content.  For  wetter  mixes  the  strength 
would  be  still  further  reduced. 

In  general  it  is  not  feasible  to  use  concrete  of  a  consistency 
which  will  give  maximum  strength,  since  it  is  somewhat  too  stiff  for  satis¬ 
factory  workability.  In  concrete  road  work  where  hand  finishing  is  used 
the  concrete  must  be  mixed  to  a  consistency  varying  from  1.10  to  1.15. 
In  other  words,  we  must  sacrifice  a  portion  of  the  possible  strength  of 
the  concrete  in  order  to  secure  a  workable  mix.  This  consistency  will 
give  a  slump  of  5  to  7  in.  If  machine  finishing  is  employed,  the  concrete 
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Concrete. 


absorption  by  weight  is  about  40  per  cent 


can  be  mixed  to  a  consistency  corresponding  closely  to  maximum  strength. 
In  reinforced  concrete  work  there  is  in  general  little  excuse  for  using 
mixes  wetter  than  1.25  consistency,  corresponding  to  a  slump  of  8  to  9  in. 

The  average  curves  in  Fig.  8  have  been  platted  in  terms  of  the  water- 
ratio  instead  of  the  relative  consistencies,  although  relative  consistencies 
are  also  shown.  The  water-ratio  is  the  ratio  by  volume  of  water  to  cement 
in  the  batch. 
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Further  Discussion  of  Effect  of  Quantity  of  Mixing  Water  on  the 
Strength  of  Concrete. 

Many  series  of  tests  made  in  this  Laboratory  have  fully  established 
the  fundamental  influence  of  the  quantity  of  mixing  water  on  the  strength 
of  concrete. 

Fig.  4  gives  the  average  values  from  a  series  of  tests  of  this  kind 
in  which  the  compressive  strength  is  platted  against  the  water-ratio  of 
the  concrete.  In  this  series  the  mixes  ranged  from  1 :  15  up  to  neat  cement. 
The  consistencies  were  varied  over  a  wide  range.  The  size  of  the  aggre- 


Fig.  13  Effect  of  Curing  Conditions  on  the  Absorption  of  Concrete. 

Absorption  tests  of  8  by  8  by  5-in.  blocks.  Absorption  deter¬ 
mined  after  immersion  in  water  at  room  temperature.  Each 
value  is  the  average  of  12  blocks  from  six  different  consistencies. 

Same  data  as  in  Fig.  12.  Absorption  is  given  by  volumes:  ab¬ 
sorption  by  weight  is  about  40  per  cent  of  these  values. 


gate  ranged  from  a  very  fine  sand  to  a  coarse  concrete  aggregate,  for  all 
combinations  of  mix  and  consistency.  Further  details  of  these  tests  are 
not  given  in  this  report. 

In  the  figure  distinguishing  marks  were  used  for  each  mix,  but  no 
distinction  was  made  between  aggregates  of  different  sizes  or  concretes 
of  different  consistencies.  When  the  compressive  strength  is  platted 
against  the  water  content  in  this  way  a  smooth  curve  is  obtained  due  to 
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the  overlapping  of  the  points  for  different  mixes,  consistencies,  etc.  Val¬ 
ues  from  the  dry  concretes  have  been  omitted  from  the  diagram;  if  these 
were  used  we  should  obtain  a  series  of  curves  dropping  downward  to 
the  left  from  the  curve  shown.  It  is  seen  at  once  that  the  size  and  grading 
of  the  aggregate  and  the  quantity  of  cement  are  no  longer  of  any  impor¬ 
tance,  except  in  so  far  as  these  factors  influence  the  quantity  of  mixing 
water  required  to  produce  a  workable  concrete.  This  gives  an  entirely 
new  conception  of  the  function  of  the  constituent  materials  entering  into 
a  concrete  mixture. 

The  equation  of  the  curve  in  Fig.  4  is  of  the  form 

A 

B* 

where  V  is  the  compressive  strength  of  the  concrete  and  a-  (an  exponent) 
is  the  ratio  of  the  volume  of  water  to  volume  of  cement  in  the  batch 
(water-ratio).  A  and  B  are  constants  whose  values  depend  on  the  quality 
of  the  cement  used  and  on  other  conditions  of  the  test. 


Fig.  14— Effect  of  Time  of  Immersion  on  the  Absorption  of  Concrete. 

Absorption  tests  of  8  by  8  by  5-in.  blocks.  Absorption  deter¬ 
mined  after  immersion  in  water  at  room  temperature.  Each 
value  is  the  average  of  48  tests  from  six  consistencies  and  four 
curing  conditions.  Data  from  Table  5.  Absorption  is  given  by 
volumes;  absorption  by  weight  is  about  40  per  cent  of  the  these 
values. 


The  values  of  the  constants  in  these  tests  are  shown  on  the  diagram. 
This  equation  expresses  the  law  of  the  strength  of  concrete  so  far  as 
variations  in  the  proportions  of  materials  are  concerned.  It  is  seen  that 
for  given  concrete  materials  the  strength  depends  on  only  one  factor— 
the  water-ratio.  Equations  which  have  been  proposed  for  this  purpose 
in  the  past  contain  terms  which  take  into  account  such  factors  as  quan- 
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Table  5 — Absorption  Tests  of  Concrete. 

Mix  1:4  by  volume.  Hand-mixed  concrete. 

Aggregate  graded  0-1  %  in. 

The  same  sand  used  in  all  tests — torpedo  sand  from  Elgin,  Ill. 

Coarse  aggregate  consisted  of  pebbles  or  crushed  limestone  of  same  grading. 

Age  at  test  1  year.  The  tests  were  made  on  8  by  8  by  S-in.  concrete  blocks  which 
had  previously  been  used  in  wear  tests  at  the  age  of  4  months.  Immediately  after 
molding  the  blocks  were  stored  for  the  period  shown  in  damp  sand,  the  remainder 
of  the  time  in  the  air  of  the  Laboratory. 

During  the  absorption  test  the  blocks  were  immersed  in  water  at  room  temperature. 

Each  value  is  the  average  of  2  blocks  made  on  different  days. 


Mixing 

Water 

Absorption — Per  Cent  by  Volume 

Coarse 

Aggregate 

Relative 

Consistency 

Water-Ratio 

Damp  Sand 
Storage 

21  days  in 
Damp  Sand 

3  days  in 
Damp  Sand 

Air  Storage 

Damp  Sand 
Storage 

21  days  in 
Damp  Sand 

3  days  in 
Damp  Sand 

Air  Storage 

Damp  Sand 

Storage 

21  days  in 

Damp  Sand 

3  days  in 

Damp  Sand 

Air  Storage 

3  Hours 

6  Hours 

24  Hours 

.90 

.66 

3.17 

3.93 

6.41 

8.09 

3.81 

5.15 

4.49 

7.70 

9.53 

4.99 

6.52 

6.26 

8.84 

11.00 

Cr.  Limestone. 

.90 

.66 

4.66 

1.00 

.73 

4.47 

4.00 

6.71 

7.32 

5.05 

3.47 

4.50 

7.96 

8.74 

6.11 

4.71 

6.05 

9.59 

9.61 

Cr.  Limestone. 

1.00 

.73 

2.53 

1.10 

.81 

2.58 

5.07 

8.18 

ioio 

4.77 

6.06 

9.58 

10.66 

5.11 

4.75 

8.00 

10.60 

11.80 

Cr.  Limestone. 

1.10 

.81 

2.89 

4.16 

Pebbles . 

Cr.  Limestone. 

1.25 

1.25 

.91 

.91 

5.56 

4.30 

4.23 

8.52 

10.20 

5.48 

5.27 

5.82 

9.91 

11.40 

5.99 

6.02 

7.21 

7.40 

7.67 

10.60 

12.10 

1.35 

.99 

4.58 

6.25 

11.90 

10.70 

5.97 

6.23 

7.63 

12.81 

11.61 

9.86 

13.60 

11.90 

Cr.  Limestone. 

1.35 

.99 

4.72 

1.50 

1.09 

4.58 

6.36 

9.11 

11.60 

6.56 

7.85 

11.92 

13.65 

7.18 

8.44 

10.90 

13.50 

14.30 

Cr.  Limestone. 

1.50 

1.09 

5.07 

5.52 

48  Hours 

3  Days 

7  Days 

.90 

.66 

5.08 

6.76 

9.06 

11.36 

6.08 

6.03 

7.06 

9.35 

11.75 

6.46 

6.98 

7.31 

9.44 

11.16 

Cr.  Limestone. 

.90 

.66 

6.74 

1.00 

.73 

6.20 

7.06 

10.00 

9.89 

6.54 

7.72 

10.58 

10.53 

7.24 
5  76 

7.55 

10.34 

10.90 

Cr.  Limestone. 

1.00 

.73 

4.85 

1.10 

.81 

5.49 

9.26 

9.98 

11.85 

6.88 

6.20 

8.70 

10.74 

12.35 

6.76 

6.90 

9.72 

11.45 

10.95 

Cr.  Limestone. 

1.10 

.81 

5.26 

1.25 

.91 

7.30 

7.94 

il.20 

12.00 

7.65 

7.08 

9.22 

13.05 

12.30 

7.42 

8.06 

8.98 

8.85 

9.14 

13.50 

11.50 

Cr.  Limestone. 

1.25 

.91 

6.54 

1.35 

.99 

8.05 

10.14 

14.20 

12.30 

8.94 

8.35 

10.42 

14.75 

13.22 

10.21 

14.40 

12.97 

Cr.  Limestone. 

1.35 

.99 

7.91 

1.50 

1.09 

8.02 

10.95 

13.50 

14.45 

8.49 

9.16 

11.45 

13.65 

14.86 

9.92 

9.10 

10.81 

12.92 

14.32 

Cr.  Limestone. 

1.50 

1.09 

8.82 

28  Days 

.90 

.66 

9.07 

7.82 

9.63 

12.22 

.90 

.66 

7.54 

1.00 

.73 

5.68 

7.84 

10.92 

10.25 

Cr.  Limestone. 

1.00 

.73 

5.92 

1.10 

.81 

7.00 

5.64 

9.43 

11.68 

11.27 

Cr.  Limestone. 

1.10 

.81 

1.25 

.91 

7.88 

9.84 

1.4.25 

13.18 

Cr.  Limestone. 

1.25 

.91 

8.30 

1.35 

.99 

9.13 

10.74 

15.08 

14.19 

Cr.  Limestone. 

1.35 

.99 

9.43 

1.50 

1.09 

10.15 

11.72 

15.40 

16.50 

Cr.  Limestone. 

1.50 

1.09 

9.23 
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tity  of  cement,  proportions  of  fine  and  coarse  aggregate,  voids  in  aggre¬ 
gate,  etc.,  but  they  have  uniformly  omitted  the  item  which  is  of  most 
importance;  that  is,  the  water.  The  relation  given  above  holds  so 
long  as  the  concrete  is  not  too  dry  for  maximum  strength,  and  the  aggre¬ 
gate  not  too  coarse  for  a  given  quantity  of  cement;  in  other  words,  so 
long  as  we  have  a  workable  concrete. 

The  strength  of  the  concrete  responds  to  changes  in  water,  regard¬ 
less  of  the  reason  for  these  changes.  The  water-ratio  may  be  changed 
due  to  any  of  the  following  causes : 

(1)  Change  in  mix  (cement  content). 

(2)  Change  in  size  or  grading  of  aggregate. 

(3)  Change  in  relative  consistency. 

(4)  Any  combination  of  (1)  to  (3). 

Table  6 — Unit  Weight  of  Concrete. 

Mix  1:4  by  volume.  Hand-mixed  concrete. 

Weighed  immediately  before  test  at  age  of  4  months. 

Aggregate  graded  0-114  in. 

The  same  sand  used  in  all  tests. 

Coarse  aggregate  consisted  of  pebbles  or  crushed  limestone  of  same  grading. 

The  tests  were  made  on  8  by  8  by  S-in.  blocks  and  6  by  12-in.  cylinders. 

Test  pieces  were  stored  for  the  period  shown  in  damp  sand,  the  remainder  of  the 
time  in  the  air  of  the  Laboratory. 

Each  value  is  the  average  of  4  cylinders  and  10  wear  blocks. 


Coarse 

Aggregate 

Mixing  Water 

Weight — lb.  per  cu.  ft. 

Relative 

Consisteney 

Water 

Ratio 

Damp  Sand 
Storage 

21  da.  in 

Damp  Sand 

3  da.  in 

Damp  Sand 

Air 

Storage 

Pebbles . 

.90 

.66 

155.8 

148.5 

147.0 

147.0 

Crushed  Limestone 

.90 

.66 

152.5 

Pebbles . 

1.00 

.73 

157.0 

153.0 

152.0 

151.0 

Crushed  Limestone 

1.00 

.73 

152.0 

Pebbles . 

1.10 

.81 

156.9 

152.0 

150.5 

149.8 

Crushed  Limestone 

1.10 

.81 

156.0 

Pebbles . 

1.25 

.91 

155.9 

152.0 

148.5 

148.0 

Crushed  Limestone 

1.25 

.91 

156.2 

Pebbles . 

1.35 

.99 

156.9 

152.0 

149.8 

150.2 

Crushed  Limestone 

1.35 

.99 

155.6 

Pebbles . 

1.59 

1.09 

154.8 

149.5 

148.2 

148.0 

Crushed  Limestone 

1.50 

1.09 

156.0 

In  certain  instances  a  1  : 9  mix  is  as  strong  as  a  1 :  2  mix,  depending 
only  on  water  content.  It  should  not  be  concluded  that  these  tests  indi¬ 
cate  that  lean  mixes  can  be  substituted  for  richer  ones  without  limit. 
We  are  always  limited  by  the  necessity  of  using  sufficient  water  to  secure 
a  workable  mix.  So  in  the  case  of  the  grading  of  aggregates.  The  work¬ 
ability  of  the  mix  will  in  all  cases  dictate  the  minimum  quantity  of  water 
that  can  be  used.  The  importance  of  the  workability  factor  in  concrete 
is  therefore  brought  out  in  its  true  relation. 
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Designing  concrete  mixes  resolves  itself  into  the  problem  of 
producing  a  workable  concrete  with  a  given  water-ratio  using  a  mini¬ 
mum  of  cement ;  or  the  converse,  of  producing  a  workable  concrete 
which  has  the  lowest  water-ratio  for  a  given  quantity  of  cement.  The 
methods  of  securing  the  best  grading  of  aggregate  and  the  use  of  the 
driest  practicable  concrete  are  seen  to  be  only  devices  for  accomplishing 
the  above-mentioned  results.  A  forthcoming  Bulletin  on  the  “Design  of 
Concrete  Mixtures”*  will  give  further  details  of  the  principles  underlying 
the  proportioning  of  concrete,  and  discuss  their  application  to  practical 
problems. 

The  influence  of  the  water-ratio  of  concrete  on  its  strength  will  be 
shown  by  the  following  considerations :  One  pint  more  water  than  neces¬ 
sary  to  produce  a  plastic  concrete  in  a  1:4  mix  reduces  the  strength  to 
the  same  extent  as  if  we  should  omit  2  to  3  pounds  of  cement  from  a 
one-bag  batch. 


Fig.  15 — Front  View  of  Wear  Blocks  After  Test. 

Top  row,  gravel  as  coarse  aggregate. 

Bottom  row,  crushed  limestone  as  coarse  aggregate. 


Our  studies  give  us  an  entirely  new  conception  of  the  function  per¬ 
formed  by  the  various  constituent  materials.  The  use  of  a  coarse,  well- 
graded  aggregate  results  in  no  gain  in  strength  unless  we  take  advantage 
of  the  fact  that  the  amount  of  water  necessary  to  produce  a  plastic  mix 
can  thus  be  reduced.  In  a  similar  way  we  may  say  that  the  use  of  more 
cement  in  a  batch  does  not  produce  any  beneficial  effect,  except  from  the 
fact  that  a  plastic,  workable  mix  can  be  produced  with  relatively  less 
water. 

The  reason  a  rich  mixture  gives  a  higher  strength  than  a  lean  one 
is  not  that  more  cement  is  used,  but  because  the  concrete  can  be  mixed 
(and  usually  is  mixed)  with  a  lower  water-ratio  in  the  case  of  the  richer 
mixtures  than  for  the  lean  ones.  If  advantage  is  not  taken  of  the  fact 
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that  in  a  rich  mix  relatively  less  water  can  be  used,  no  benefit  will  be 
gained  as  compared  with  a  leaner  mix.  In  all  this  discussion  the  quan¬ 
tity  of  water  is  compared  with  the  quantity  of  cement  in  the  batch  (cubic 
feet  of  water  to  one  sack  of  cement)  and  not  to  the  weight  of  dry  ma¬ 
terials  or  of  the  concrete,  as  is  generally  done. 

For  the  other  curves  showing  the  strength  water-ratio  relation,  see 
paper  on  “Time  of  Mixing  Concrete,”  referred  to  on  page  1. 

Effect  of  Quantity  of  Mixing  Water  on  the  Wear  of  Concrete. 

Fig.  6  and  8  give  the  results  of  tests  to  determine  the  effect  of 
quantity  of  mixing  water  on  the  wear  of  concrete.  It  will  be  noted  that 
the  depth  of  wear  is  expressed  in  inches.  The  wear-water-ratio  relation 


Fig.  16— Side  View  of  Concrete  Blocks  After  Wear  Test. 

is  just  opposite  to  that  found  in  the  strength  tests;  in  other  words,  a 
high  strength  is  accompanied  by  low  wear,  and  vice  versa.  If  the  wear 
curve  in  Fig.  8  were  inverted  we  should  have  almost  a  duplicate  of  the 
strength  curve.  In  general,  the  lowest  wear  is  found  at  about  the  same 
water-ratio  as  the  highest  strength.  The  average  curves  (Fig.  8)  show 
that  maximum  strength  and  minimum  wear  come  at  a  consistency  of 
about  .95,  or  a  water-ratio  of  about  .70.  It  should  be  pointed  out  that 
for  other  mixes  the  best  results  would  probably  be  found  at  about  the 
same  relative  consistency,  but  at  a  different  water-ratio.  For  a  given 
consistency  the  water-ratio  is  higher  for  lean  mixes  and  lower  for  rich 
mixes. 
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The  relation  between  the  depth  of  wear  and  the  water-ratio  of  the 
conciete  for  blocks  stored  for  21  days  in  damp  sand  is  expressed  by  the 
equation 

W  =  0.15  (4.8*). 

Where  W  is  the  depth  of  wear  expressed  in  inches,  and  x  (an  expo¬ 
nent)  is  the  water-ratio.  A  similar  relation  was  found  in  the  series  of 
wear  tests  in  the  paper  on  Time  of  Mixing  Concrete,”  referred  to  above. 

Water  Required  for  Concrete. 

Since  the  quantity  of  mixing  water  exerts  such  an  important  influence 
on  the  strength  and  other  properties  of  concrete,  it  will  be  of  interest 
to  examine  the  factors  which  influence  the  amount  of  water  required  for 
satisfactory  results.  The  function  of  water  in  concrete  is  twofold : 

(1)  To  supply  the  water  necessary  for  hydration  of  the  cement, 

(2)  To  produce  a  plastic  mixture. 

While  the  exact  quantity  of  water  required  under  (1)  has  not  been 
determined  except  in  certain  instances,  it  is  generally  agreed  that  the 
quantity  used  in  concrete  is  greatly  in  excess  of  that  necessary  for  hydra¬ 
tion  of  the  cement.  The  bulk  of  the  water  in  concrete  is  used  in  order 
to  produce  a  plastic  or  workable  mix.  The  exact  quantity  required  for 
this  purpose  depends  on  the  materials  used,  nature  of  the  work,  and 
methods  of  handling  and  finishing. 

It  is,  in  general,  impracticable  to  state  definitely  the  quantity  of  water 
which  should  be  used,  since  this  depends  on  many  factors,  such  as : 

(1)  Relative  consistency  which  must  be  used,  which  is  dictated  by 

the  nature  of  the  work, 

(2)  Normal  consistency  of  the  cement, 

(3)  Quantity  of  cement, 

(4)  Size  and  grading  of  the  aggregate, 

(5)  Absorption  of  the  aggregate, 

(6)  Moisture  content  of  the  aggregate, 

(7)  Admixtures  which  may  be  used. 

A  water  formula  has  been  developed  which  takes  into  account  all 
these  elements;  for  further  details  see  Bulletin  1,  “Design  of  Concrete 
Mixtures.” 

The  quantity  of  water  which  affects  the  water-ratio  as  given  in  Fig.  8 
is  only  such  a  part  of  the  whole  as  affects  the  cement.  In  other  words, 
the  water  which  is  absorbed  by  the  aggregate  is  not  considered  as  in¬ 
fluencing  the  water-ratio.  This  makes  it  plain  that  the  absorption  of  the 
aggregate  must  be  taken  into  account  if  concretes  from  widely  different 
aggregates  are  being  compared.  Many  serious  errors  have  been  made  in 
drawing  conclusions  from  tests,  due  to  failure  to  take  into  account  the 
influence  of  absorption,  grading  of  aggregates,  etc.,  on  the  water  content 
of  the  concrete. 
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Fig.  17 — Side  View  of  Wear  Blocks  After  Test. 

The  effect  of  curing  condition  on  wear  is  clearly  shown. 


Fig.  18 — Side  View  of  Wear  Blocks  After  Test, 

The  effect  of  curing  condition  on  wear  is  clearly  shown. 
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In  general,  it  is  impracticable  to  determine  in  advance  the  exact 
quantity  of  water  required  for  concrete  mixes,  largely  due  to  two  causes : 
(1)  Inability  to  determine  in  advance  the  lowest  relative  consistency 
which  may  be  used  and  still  produce  a  workable  concrete;  (2)  varying 
moisture  content  of  aggregates. 

Table  7  may  be  of  interest  in  indicating  the  approximate  quantities 
of  water  necessary  for  certain  mixtures.  It  is  assumed  that  a  well-graded 
aggregate  up  to  \  l/2  in.  in  size  will  be  used.  Only  under  the  most  favorable 
conditions  can  the  minimum  values  be  used ;  in  general,  the  minimum 
values  need  not  be  exceeded. 


Table  7 — Quantity  of  Water  Required  for  Mixing  Concrete. 


Mix 

Approximate  Mix  as  Usually 
Expressed 

Water  Required 
(Gallons  per  Sack 
of  Cement) 

Cement 

Volume  of 
Aggregate 

Cement 

Aggregate 

Minimum 

After  Mixing 

Fine 

Coarse 

1 

7  V* 

1 

3 

6 

8K 

8H 

1 

6  M 

1 

2K 

5 

7M 

7% 

1 

5 

1 

2 

4 

6 

6  X 

1 

4  X 

1 

2 

3 

5% 

6M 

1 

4 

1 

1 X 

3 

5V2 

6 

1 

3 

1 

1 X 

2  H 

5 

5K 

Without  regard  to  the  actual  quantity  of  mixing  water,  the  following 
rule  is  a  safe  one  to  follow : 

“Use  the  smallest  quantity  of  mixing  water  that  will 
produce  a  workable  mix.” 

The  importance  of  methods  of  proportioning,  mixing,  handling,  plac¬ 
ing  or  finishing  concrete  which  will  enable  the  builder  to  reduce  the  water 
content  to  a  minimum  is  at  once  apparent. 

Effect  of  Curing  Condition  on  the  Strength  of  Concrete. 

The  effect  of  curing  condition  on  the  compressive  strength  of  con¬ 
crete  is  shown  in  Fig.  5 ;  an  average  curve  is  given  in  Fig.  9.  All  con¬ 
sistencies  of  concrete  show  great  increases  in  strength  under  favorable 
curing  conditions  as  compared  with  specimens  which  were  allowed  to 
dry  out  at  once.  The  drier  mixes  show  a  more  rapid  improvement  due 
to  storage  in  a  damp  place  during  the  first  few  days  than  the  wetter 
ones.  Even  3  days  in  damp  sand  shows  an  increase  in  strength  of  the 
drier  concretes  of  about  35  per  cent  as  compared  with  the  specimens 
stored  in  open  air  for  the  entire  period.  It  should  be  borne  in  mind  that 
in  the  most  unfavorable  case  used  in  the  experiments  the  concrete  was  in 
the  steel  form  for  1  day  with  only  the  top  exposed,  consequently  the  con¬ 
ditions  were  more  favorable  than  those  frequently  found  in  summer 
weather  or  in  arid  regions  where  the  concrete  is  exposed  to  rapid  evapora¬ 
tion  of  the  mixing  water  from  the  moment  it  is  placed. 
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Fig.  19 — Side  View  of  Wear  Blocks  After  Test. 

The  effect  of  curing  condition  on  wear  is  clearly  shown. 
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Fig.  20— Side  View  of  Wear  Blocks  After  Test. 

The  effect  of  curing  condition  on  wear  is  clearly  shown. 
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The  concrete  stored  for  4  months  in  damp  sand  and  tested  damp  is 
2y2  to  3  times  as  strong  as  similar  concrete  which  has  been  exposed  to 
room  atmosphere  for  the  same  period.  Protecting  the  concrete  from  dry¬ 
ing  out  for  only  10  days  (taking  values  from  Fig.  5  and  9)  gives  an 
increase  in  strength  of  about  75  per  cent  for  the  drier  consistencies. 

Effect  of  Curing  Condition  on  the  Wear  of  Concrete. 

The  effect  of  curing  condition  on  the  wear  of  concrete  is  no  less  strik¬ 
ing  than  the  effect  on  the  strength. 

It  will  be  seen  in  Fig.  7  that  the  blocks  stored  for  the  entire  period 
of  4  months  in  damp  sand  showed  more  wear  in  most  instances  than  those 
which  had  been  stored  for  21  days  in  damp  sand  and  the  remainder  of 
the  time  in  air.  This  peculiar  result  is  no  doubt  due  to  the  fact  that  the 
concrete  was  tested  in  a  damp  condition,  and  does  not  indicate  that  the 
longer  period  in  damp  sand  is  injurious.  The  comparison  would  have 
been  more  nearly  correct  if  the  blocks  had  been  allowed  to  dry  out  a 
few  days  before  testing.  These  results  do  show  that  concrete  in  a  wet 
or  damp  condition  suffers  more  from  wear  than  when  dry.  It  is  a  mat¬ 
ter  of  common  experience  that  non-metallic  materials,  such  as  timber, 
terra  cotta,  concrete,  stone,  etc.,  which  absorb  water,  show  a  lower  strength 
in  a  wet  condition  than  when  dry.  Additional  tests  will  be  required  to 
show  the  exact  effect  of  moisture  content  on  strength  and  wear  of  con¬ 
crete,  other  factors  being  the  same. 

It  is  not  necessary  to  speculate  on  the  probable  effect  of  moisture  in 

the  concrete  in  order  to  secure  valuable  information  from  these  tests. 

The  drier  mixes  show  an  increase  in  wear  from  .50  in.  for  concrete 
stored  in  damp  sand  for  21  days  to  1.10  in.  for  concrete  in  air  for  entire 
period ;  the  tests  show  that  10  days  in  damp  storage  gives  a  wear 

of  about  .65  in.  For  the  wetter  mixes  the  wear  after  21  days  in  damp 

sand  is  about  .85  in.;  for  10  days,  1.15  in.;  for  air  storage  throughout, 
probably  2  in.  In  the  wetter  consistencies  the  tests  were  not  carried  to 
completion  on  account  of  the  failure  of  certain  blocks,  which  caused 
the  entire  ring  to  collapse. 

The  photographs  in  Fig.  16  to  21  show  side  views  of  the  blocks  after 
test.  The  effects  of  both  consistency  and  curing  condition  are  clearly 
shown  by  the  relative  thickness  of  the  blocks. 

Recapitulation  of  Effect  of  Consistency  and  Curing  Condition. 

In  view  of  the  important  influence  of  consistency  and  curing  condi¬ 
tions  of  concrete  shown  by  these  tests,  it  seems  doubtful  if  there  is  any 
phase  of  concrete  work  which  will  pay  such  high  dividends  as  a  little 
care  to  see  that  proper  consistency  is  used  and  that  desirable  curing  con¬ 
ditions  are  provided.  In  many  instances  the  quality  of  the  concrete  could 
be  vastly  improved  at  trifling  expense;  but  nothing  is  done  because  those  in 
charge  do  not  appreciate  the  importance  of  care  in  these  directions.  The 
writer  is  convinced  that  practically  all  of  the  faults  from  concrete  floors 
follow  from  these  two  causes.  Excessive  wear  and  dusting  are  certain 
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to  result  in  a  floor  in  which  the  concrete  is  never  allowed  to  have  the 
water  necessary  for  hydration  of  the  cement.  It  is  notable  that  dusting 
never  occurs  on  a  concrete  road,  for  the  reason  that  it  gradually  gets  the 
water  necessary  for  hydration  from  rain  or  snow.  However,  due  to  low 
wearing  resistance  at  early  periods,  resulting  from  premature  drying,  it 
may  be  badly  worn  before  rain  comes. 

An  excess  of  mixing  water  is  a  serious  fault  in  concrete.  If,  in  addi¬ 
tion,  the  concrete  is  allowed  to  dry  out  at  once  it  is  almost  certain  to  be 
a  failure,  if  subjected  to  wear,  and  will  give  very  low  strength.  For  the 
two  wettest  consistencies  and  the  two  most  unfavorable  curing  conditions, 


Fig.  21 — Side  View  of  Wear  Blocks  After  Test. 


Some  of  the  blocks  which  were  stored  for  the  entire  4  months 
in  air  were  completely  broken  up  before  the  end  of  the  test  run. 

The  blocks  missing  from  the  two  lower  rows  were  lost  before  the 
photograph  was  taken. 

the  compressive  strength  of  the  pebble  concrete  was  1300  lb.  per  sq.  in.; 
for  the  two  most  favorable  curing  conditions  and  the  three  driest  con¬ 
sistencies  the  average  compressive  strength  was  4850  lb.  per  sq.  in. — an  in¬ 
crease  of  275  per  cent.  In  the  case  of  the  wear  tests  the  corresponding 
values  are  1.70  in.  and  .50  in.;  an  increase  of  240  per  cent.  The  com¬ 
parison  in  the  wear  test  is  not  as  unfavorable  as  it  should  have  been,  since 
the  poorer  blocks  broke  up  before  the  test  was  completed. 

Proper  curing  of  concrete  is  second  only  in  importance  to  the  control 
of  mixing  water.  The  rule  stated  above  with  reference  to  water  content 
may  now  be  extended  to  the  following: 
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Use  the  smallest  quantity  of  mixing  water  that. will 
produce  a  workable  concrete,  then  allow  the  concrete  to 
have  as  much  water  as  possible  during  the  period  of 
curing. 

All  concrete  should  be  protected  against  premature  drying  for  at  least 
one  week,  and  longer  if  practicable.  This  period  should  be  extended  to 
10  days  or  two  weeks  in  cool  weather,  or  where  the  concrete  is  to  be 
subjected  to  heavy  traffic  at  an  early  age. 

Covering  with  damp  sand  or  earth,  or  wet  burlap  are  excellent 
methods  of  curing.  The  practice  of  “ponding”  is  common  in  road  con¬ 
struction.  The  writer  wishes  to  offer  a  word  of  caution  with  reference 
to  the  use  of  wet  sawdust  for  covering  concrete  floors.  Sawdust  may 
have  most  harmful  results,  on  account  of  the  organic  acids  present. 

Compression  tests  of  concrete  made  in  other  series  show  that  the 
strength  of  concrete  increases  indefinitely,  so  long  as  it  is  not  permitted 
to  dry  out.* 

Relation  Between  Strength  and  Wear  of  Concrete. 

The  relation  between  strength  and  wear  of  concrete  in  this  series  is 
shown  in  Fig.  10.  All  tests  have  been  platted.  Each  value  is  based  on  the 
average  of  four  compression  tests  and  10  wear  tests.  This  diagram 
shows  that  a  definite  relation  exists  between  strength  and  wear  at  least  for 
the  conditions  of  these  tests ;  that  is,  for  concrete  of  different  consistencies 
and  curing  conditions.  Further  tests  will  be  necessary  to  show  whether 
or  not  this  relation  is  entirely  general  for  other  aggregates,  etc. 

Fig.  11  is  the  same  curve  platted  to  a  logarithmic  scale.  The  straight 
line  in  this  diagram  enables  us  to  devise  the  equation: 

2230 

S  = - 

W1-07 

as  showing  the  relation  between  the  variables  j  where  S =z;:  compressive 
strength  in  pounds  per  square  inch  and  W  —  the  depth  of  wear  in  inches. 

A  similar  relation  from  another  series  of  strength  and  wear  tests 
made  in  this  laboratory  will  be  found  in  Fig.  14  and  IS  of  the  paper  on 
“Effect  of  Time  of  Mixing,”  referred  to  on  page  1. 

In  the  earlier  series  of  tests  the  relation  between  strength  and  wear 
of  concrete  was  expressed  by 

1800 

S  = - 

W1-30 

The  agreement  between  the  equations  from  the  two  different  series 
of  tests  is  quite  close  when  we  consider  that  the  earlier  series  was  tested 
at  2  mo.  and  the  later  at  4  mo. 


a  A|,e  on  t,le  Strength  of  Concrete,”  by  D.  A.  Abrams  Proc 

Am.  Soc.  Testing  Mat.,  Part  II,  1918;  also  Concrete,  July,  1921,  p.  14.  ’ 
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Comparison  of  Pebble  and  Crushed  Stone  Aggregate. 

Crushed  limestone  was  used  as  coarse  aggregate  in  one  group  of 
tests.  In  general  the  limestone  concrete  gave  somewhat  higher  strength 
and  lower  wear  than  the  gravel  concrete  using  the  same  sand  and  the 
same  water  and  cement.  However,  the  tests  do  not  cover  a  sufficient 
range  to  justify  definite  comparisons  of  the  merits  of  the  two  types  of 
aggregate.  Both  of  the  aggregates  used  in  this  series  were  of  high  grade 
and  gave  good  results  in  the  tests.  Other  tests  now  under  way  and 
planned  for  the  future  are  expected  to  give  definite  information  on  the 
relative  merits  of  different  aggregates. 

Method  of  Making  Wear  Tests. 

The  Talbot- Jones  rattler  has  been  found  entirely  successful  as  a 
method  of  studying  the  wear  of  concrete  in  the  laboratory.  The  results 
of  the  tests  thus  far  completed  and  the  definite  relations  found  between 
the  wear  and  strength  have  given  considerable  confidence  to  this  method 
of  testing.  The  abrasive  charge  of  200  pounds  of  cast-iron  balls,  and  the 
rate  and  number  of  revolutions  used,  gives  a  wearing  action  suited  for 
a  wide  range  in  the  properties  of  concrete.  A  very  poor  concrete  may 
be  entirely  destroyed,  a  high-grade  concrete  will  show  a  wear  of  inch 
or  less. 

The  test  gives  a  combination  of  abrasion  and  impact  that  cannot  be 
withstood  by  an  inferior  concrete.  The  severity  of  the  impact  may  be 
seen  from  the  fact  that  frequently  the  lj^-in.  cast-iron  balls  are  broken 
during  the  test.  While  the  test  does  not  fully  duplicate  the  action  of 
traffic,  it  furnishes  a  valuable  guide  to  the  relative  effects  of  different 
methods  of  treatment,  materials,  etc.,  for  use  in  pavement  construction. 

This  method  of  making  wear  tests  of  concrete  is  believed  to  have 
the  following  advantages  as  compared  with  other  methods  which  have 
been  used  or  proposed  for  this  purpose: 

(1)  The  concrete  is  subjected  to  a  treatment  which  ap¬ 
proximates  that  of  service. 

(2)  The  test  piece  is  of  usual  form  and  of  sufficient  size 
that  representative  concrete  can  be  obtained. 

(3)  The  test  pieces  are  convenient  to  make,  store  and  handle, 
and  require  a  relatively  small  quantity  of  concrete. 

(4)  The  cost  of  tests  is  not  excessive. 

(5)  The  machine  used  is  found  in  a  number  of  testing  lab¬ 
oratories. 

(6)  The  wearing  action  takes  place  on  the  top  or  finished 
surface  of  the  concrete.  This  makes  it  possible  to  study  the 
effect  of  various  surface  treatments  and  finishes. 

(7)  Several  tests  may  be  made  at  the.  same  time,  thus  en¬ 
abling  more  representative  results  to  be  obtained. 
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(8)  Tests  may  be  made  on  sections  of  concrete  cut  from 
roads  which  have  been  in  service. 

(9)  Other  paying  materials,  such  as  brick,  granite  blocks, 
etc.,  may  be  tested  in  the  same  manner  as  the  concrete. 

Absorption  Tests  of  Concrete. 

Absorption  was  determined  on  two  wear  blocks  from  each  set  of 
10,  after  immersion  in  water  for  periods  of  3  hours  to  28  days.  It 
should  be  noted  that  absorption  tests  were  made  on  blocks  at  the  age 
of  1  year,  which  had  been  tested  for  wear  at  4  months. 

The  results  of  absorption  tests  are  given  in  Table  S,  and  in  Fig.  13 
and  14.  In  Fig.  13  all  consistencies  for  a  given  curing  condition  have 
been  averaged.  It  is  interesting  to  note  that  the  absorption  is  influenced 
by  the  curing  condition  of  the  concrete  in  the  same  way  as  the  wear. 
(Compare  Fig.  13  and  7.)  The  curing  condition  that  gives  high  wear, 
gives  high  absorption,  and  vice-versa. 

The  effect  of  consistency  and  curing  condition  on  absorption  is 
shown  by  an  average  absorption  of  5.77  per  cent  for  the  most  favorable 
conditions  after  24-hour  immersion  and  12.6  per  cent  for  the  most  un¬ 
favorable  conditions.  The  absorption  is  here  given  by  volumes ;  the  ab¬ 
sorption  by  weight  would  be  only  about  40  per  cent  of  these  values. 

The  effect  of  time  of  immersion  on  the  absorption  is  shown  in  Fig. 
14;  all  consistencies  and  curing  conditions  have  been  averaged  for  a  given 
time  of  immersion. 


Unit  Weight  of  Concrete. 

The  unit  weight  of  all  test  pieces  was  determined  immediately  before 
test  at  the  age  of  4  months.  The  values  are  given  in  Table  6.  Each 
value  is  the  average  from  four  cylinders  and  10  wear  blocks.  The  weight 
of  the  concrete  is  little  affected  by  the  consistency,  but  is  greatly  influenced 
by  the  curing  condition.  The  weights  of  the  specimens  stored  for  4 
months  in  damp  sand  cannot  be  compared  directly  with  the  others,  since 
they  contained  free  moisture;  that  is,  water  in  the  uncombined  state.  A 
comparison  of  the  average  weights  of  all  consistencies  for  the  other  curing 
conditions  shows  that  the  concrete  stored  3  days  in  damp  sand  took  up 
.33  lb.  more  water  and  that  stored  for  21  days  in  damp  sand  2.16  lb.  more 
water  per  cubic  foot  than  that  stored  in  air  throughout  the  4  months. 
Since  all  test  pieces  were  in  the  same  room-dry  condition  when  the  weights 
were  determined,  it  seems  that  these  values  may  be  taken  as  approxi¬ 
mate  measures  of  the  additional  quantities  of  water  which  have  entered 
into  chemical  combination  with  the  cement,  due  to  storage  in  a  damp  place 
for  these  periods. 
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Tentative  Specifications  for  Workability  of  Concrete  for  Concrete  Pavements: 

Proc.  Am.  Soc.  Testing  Mat.,  v.  20,  Part  I,  p.  692,  1920. 

Apparatus  and  method  for  determining  slump  is  described;  method  slightly 
revised  in  1922. 

Effect  of  Hydrated  Lime  and  Other  Powdered  Admixtures  in  Concrete,  by  D.  A. 
Abrams; 

Proc.  Am.  Soc.  Testing  Mat..  Part  II.  1920. 

Bull.  8,  Structural  Materials  Research  Lab.,  1920,  p.  60. 

Gives  results  of  tests  on  concrete  of  wide  range  in  consistency;  flow-table 
described. 

Description  and  Photograph  of  Flow-Table,  (in  paper  on  Modulus  of  Elasticity  of 
Concrete),  by  G.  M.  Williams; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  20,  Part  2,  p.  243,  1920. 

Abs.  Concrete,  June,  1920,  p.  274. 

Tests  of  a  Concrete  Mixer,  by  W.  K.  Hatt; 

Proc.  Am.  Concrete  Inst.,  p.  47,  1921. 

Discusses  effect  of  time  of  mixing  on  consistency. 

Consistency  of  Starch  and  Dextrin  Pastes,  by  Herschel  and  Berquist; 

Jl.  Tnd.  &  Eng.  Chem.,  v.  13,  p.  703,  August,  1921. 

Effect  of  Consistency  of  Concrete, 

Proc.  Am.  Soc.  Testing  Mat.,  v.  21,  p.  301,  1921. 

Consistency  was  measured  by  flow-table;  tests  made  by  Delaware  State  High¬ 
way  Department. 

Comparison  of  Results  of  Slump  Test  and  Flow-Table  in  the  Measurement  of  the 
Consistency  of  Concrete,  by  W.  L.  Schwalbe; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  21,  p.  983,  1921. 

Concrete  &  Const.  Eng.,  August,  1921. 

Chem.  Abs.,  v.  16,  p.  1645,  1922. 

Tests  show  how  consistency  varies  with  time  of  mixing;  concludes  that  the 
flow-table  is  more  reliable  then  the  slump  test  for  measuring  consistency. 

Time  of  Set  of  Concrete,  by  W.  Davis; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  21,  p.  995,  1921. 

Chem.  Abs.,  v.  16,  p.  1644,  1922. 

Data  and  examples  of  use  of  the  flow-table  in  determining  some  of  the  factors 
influencing  the  set  of  concrete. 


Effect  of  Cubing  Condition  of  Concrete 
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Proposed  Tentative  Methods  of  Making  Concrete  Compression  Tests 
Proc  Am  Soc.  Testmg  Mat.,  v.  21,  p.  581,  Part  II,  1921. 

Describes  slump  test  and  flow-table  for  consistency  of  concrete. 

Study  of  Elastic  Viscous  Deformation,  by  P.  G.  Nutting- 
Proc  Am.  Soc.  Testing  Mat.,  v.  21,  p.  1162,  1921. 

Method  of  testing  pitch,  asphalt,  etc.,  for  viscousness  and  elastic  yield,  by  the 
falling  ball  method  and  rate  of  flow  through  a  tube. 

Quantities  of  Materials  for  Concrete,  by  Abrams  and  Walker- 
BuU.  9,  Structural  Materials  Research  Lab.,  1921,  p.  7. 
blump  and  flow  tests  described  and  compared. 

Testing  Consistency  of  Calcined  Gypsum; 

Proc  Am.  Soc.  Testing  Mat.,  v.  21,  p.  594,  1921. 

Describes  use  of  Southard  Viscosimeter;  field  method  described  on  p.  596 
Variation  in  the  Effect  of  Rodding  Concrete,  by  F.  E.  Giesecke- 
Proc.  Am.  Soc.  Testing  Mat.,  v.  21,  p.  1008,  1921. 

La  Plasticite  des  Mortiers  et  sa  Mesure; 

Rev.  des  Mat.  des  Const.,  No.  153,  p.  112,  June,  1922. 

Plasticity;  teds  of  old  methods  of  measuring  it,  and  describes  Emley’s 
method  from  Tech.  Paper  169,  U.  S.  Bureau  of  Standards,  1920  * 

ot  Cemen,  Mor,ar“  D"er»i 

Proc.  Am.  Soc.  Testing  Mat.,  v.  22,  Part  II,  1922 
Eng.  News-Rec.,  v.  89,  p.  109,  1922. 

To  Avoid  Variable  Concrete  Due  to  Variable  Sand  Wetness,  by  R.  L  Bertin- 
Eng.  News-Rec.,  v.  89,  p.  1047.  June.  1922.  oertin, 

content^co nstan  t  ^ ^  S3nd  before  dumP!nS  in  mixer;  thus  keeping  moisture 

Consistency  of  Concrete,  by  H.  O.  Weller; 

Ferro-Concrete,  v.  13,  p.  299,  May,  1922. 

Method  of  measuring  consistency  by  means  of  flow-table  is  described. 
Plasticity  of  Clays,  by  F.  P.  Hall; 

Jl.  Am.  Ceramic  Soc.,  v.  5,  p.  347,  June,  1922. 

Term  “plasticity”  is  discussed,  methods  of  measuring,  the  use  of  the  Bingham 
plastometer,  and  need  of  more  efficient  method  of  measuring  plasticity. 
Mechanism  of  Plasticity  from  Colloid  Standpoint,  by  G.  A  Bole- 
Jl.  Am.  Ceramic  Soc..  v.  5.  p.  469,  Aug.,  1922. 

Gives  theory  of  plasticity  and  method  of  measuring. 

Fluidity  and  Plasticity,  by  E.  C.  Bingham; 

McGraw-Hill  Book  Co.,  1922,  440  pages. 

Largely  theoretical;  gives  extensive  bibliography. 

Tentative  Specifications  for  Workability  of  Concrete  for  Concrete  Pavements, 

Prac.  Am.  Soc.  Testing  Mat.,  Part  I,  1922.  ’ 

Based  on  slump  test  using  truncated  cone. 

Flexural  Strength  of  Plain  Concrete,  by  D.  A.  Abrams- 
Proc.  Am.  Concrete  Inst.,  v.  18,  1922.  ’ 

Bull.  11,  Structural  Materials  Research  Lab.,  1922. 

Tests  made  on  concrete  of  wide  range  of  consistencies. 

Compression  Tests  of  Concrete  Made  in  Cooperation  with  Committee  C-9 
Proc.  Am.  Soc.  Testing  Mat.,  Part  I,  1922. 

Summaries  of  tests  using  concrete  of  different  consistencies,  gradings  of 
aggregates,  etc.,  made  by  Philadelphia  Department  of  Public  Works,  Uni¬ 
versity  of  Texas,  University  of  Toronto,  and  Hydro-Electric  Power  Commis¬ 
sion  of  Ontario. 


Effect  of  Curing  Conditions  of  Concrete 

Cements  Setting  in  Air  and  in  Water, 

Tests  of  Metals,  p.  422,  1902. 

Effect  of  Steam  Curing  on  the  Crushing  Strength  of  Concrete,  by  R.  F.  Havlik- 
Eng.  News,  Sept.  5,  1907.  ’ 

Tests  made  at  Lewis  Institute,  with  conclusions. 

TeStfn*lFreez?ng1'weatlier^*byC,J.  °H  Jchilbbj1  C°”Cre"  ““  M',h0d*  °f  W"k 

Eng.  &  Contr.,  Nov.  23,  1910. 

Tests  of  Mortar  and  Concrete  Under  the  Influence  Alternately  of  Frost  and  Thaw 
by  li.  Rurcnartz; 

Mitt.  kgl.  Materialpruf,  No.  5,  1910. 

Effect  of  High  Pressure  Steam  on  the  Crushing  Strength  of  Portland  Cement  Mortar 
and  Concrete,  by  R.  J.  Wig; 

Proc.  Am.  Soc.  Testing  Mat.,  Part  II,  p.  580,  1911 
Tech.  Paper  No.  5,  U.  S.  Bureau  of  Standards,  1912. 
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Effect  of  Curing  Condition  of  Concrete, 

Jl.  Am.  Concrete  Inst.,  p.  436,  Oct.-Nov.,  1914. 

Tests  made  at  University  of  Illinois. 

Influence  of  Temperature  on  the  Strength  of  Concrete,  by  A.  B.  McDaniel, 

Bull.  81,  Eng.  Exp.  Sta.,  Univ.  of  Ill.,  1915. 

Proc.  Am.  Concrete  Inst.,  p.  241,  1916. 

Effect  of  Water  on  the  Strength  oi  Concrete,  by  D.  A.  Abrams; 

Concrete  Highway  Mag.,  April,  1917. 

Concrete  &  Constr.  Eng.,  Sept.,  1921,  p.  594. 

Recommended  Practice  for  Concrete  Road  and  Street  Construction, 

Proc.  Am.  Concrete  Inst.,  1918. 

Effect  of  Age  and  Condition  of  Storage  on  the  Strength  of  Concrete,  by 
Gonnerman; 

Proc.  Am.  Concrete  Inst.,  1918. 

Relation  Between  Methods  of  Curing  Standard  Concrete  Test  Specimens  and  Their 
Compressive  Strength  at  28  Days,  by  H.  W.  Green; 

Proc.  Am.  Soc.  Testing  Mat.,  Part  II,  1919. 

Effect  of  Curing  Condition  on  the  Wear  and  Strength  of  Concrete,  by  D.  A.  Abrams; 
Proc.  Am.  Ry.  Eng.  Assn.,  v.  20,  1919. 

Bull.  2,  Structural  Materials  Research  Lab.,  1919. 

Ten-Year  Tests  Showing  the  Effect  of  Age  and  Curing  Conditions  on  the  Strength  of 
Concrete,  by  M.  O.  Withey; 

Wis.  Eng.,  Nov.,  1920. 

Abs.  Eng.  &  Cont.,  Nov.  24,  1920. 

Proper  Finishing  and  Protection  Against  Rapid  Drying,  Important  Features  of  Con¬ 
crete  Floor  Construction,  by  J.  E.  Freeman; 

Eng.  &  Contr.,  v.  57,  p.  622,  June  28,  1922.  , 

Recommends  curing  floors  under  moisture  the  same  as  concrete  loads. 

Calcium  Chloride  in  Concrete  Highway  Construction,  by  Piepmeier  and  Clemmer; 

Eng.  News-Rec.,  v.  88,  p.  409,  March  9,  1922. 

Successful  Methods,  June,  1922.  ,  ,  e 

Calcium  chloride  used  in  substitute  for  damp  earth,  etc.,  for  curing  ot  con¬ 
crete  highways;  gives  results  of  transverse  tests  on  plain  concrete  beams  made 
by  Illinois  Division  of  Highways. 
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FOREWORD 


This  report  was  originally  published  in  the  Proceedings  of  the 
American  Concrete  Institute,  Yol.  XV,  1919;  it  was  reprinted  as 
Bulletin  3  of  this  Laboratory,  November,  1919. 

In  tins  second  printing,  a  few  footnotes  have  been  added 
which  show  deviations  of  present  practice  from  that  followed  in 
these  tests. 

There  has  been  a  marked  increase  in  the  use  of  vibrating  and 
jigging  equipment  during  the  past  three  years,  especially  in  prod¬ 
ucts  plants. 

For  the  assistance  of  those  who  may  wish  to  look  up  earlier 
work  on  the  subject,  a  brief  list  of  references  has  been  added. 


EFFECT 


OF  VIBRATION,  JIGGING  AND 
ON  FRESH  CONCRETE. 


PRESSURE 


By  Duff  A.  Abrams. 


Introduction. 

An  experimental  study  of  the  effect  of  vibration  and  pressure  on  fresh 
concrete  on  its  strength  and  other  properties  is  of  interest  in  view  of  the 
frequent  use  of  such  devices  as  hand-hammering  of  forms,  or  air-hammer- 
or  vibration  as  an  aid  in  placing  concrete.  Such  methods  are 
particularly  applicable  to  the  construction  of  reinforced-concrete  ships  and 
houses,  where  thin  sections  and  a  multiplicity  of  reinforcing  members  are 
of  common  occurrence.  Jigging  or  vibrating  machines  are  frequently  used 
in  concrete  products  plants.  The  effect  of  pressure  on  fresh  concrete  is  of 
interest  in  certain  problems  of  concrete  design. 

Little  attention  has  heretofore  been  given  to  the  experimental  study  of 
the  effects  produced  by  vibration  and  jigging  fresh  concrete.  A  few  tests 
were  made  in  a  study  of  the  effect  of  pressure  on  fresh  cement  paste  in  a 
confined  space  by  James  E.  Howard,  at  Watertown  Arsenal.1  The  effect  of 
pressure  on  the  compressive  strength  and  bond  was  studied  by  the  writer 
at  the  University  of  Illinois  in  1913.2  Since  the  tests  reported  herein  were 
completed,  Prof.  F.  P.  McKibben  has  published  a  report  on  compression 
tests  of  concrete  columns  which  set  under  pressure.3 

The  tests  included  in  this  report  were  made  as  a  part  of  the  experi¬ 
mental  studies  of  concrete  and  concrete  materials  being  carried  out  through 
the  cooperation  of  Lewis  Institute  and  the  Portland  Cement  Association. 


Outunf.  of  Tests. 

I  he  tests  included  in  this  report  cover  the  following  topics  : 

1.  Different  methods  of  hand-molding  of  test  cylinders. 

(a)  Puddling  with  f-in.  round  steel  bar  (varying  number  of 
strokes) . 

( b )  Tamping  (tampers  of  different  size). 

(u)  Tapping  metal  forms  after  puddling. 

2.  Effect  of  vibrating  fresh  concrete  (small  electric  motor,  Fig.  1.) 

(a)  Time  of  vibration  varied  up  to  1  min. 

3.  Effect  of  jigging  fresh  concrete  (using  machine  shown  in  Fig.  2). 

(a)  Concrete  of  different  mixes  (1:7  to  1:3). 

(b)  Concrete  of  different  relative  consistencies  (0.70  to  1.25). 

’Cement  Age,  June,  190S. 

.e'riment  C°nC,'ete  and  SteeL”  Bul,etin  71<  Engineering 

3Eng.  News-Rec.,  Dec.  5,  1918. 
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( c )  Using  aggregate  of  different  grading  (fineness  modulus  4.00 
to  6.50). 

( d )  Using  aggregate  of  different  sizes  (0-28  sand  to  0-1  J^-in. 
concrete  aggregate). 

{e)  Using  coarse  aggregate  of  different  shape,  (pebbles  and 
crushed  stone). 

(/)  Effect  of  rate  of  jigging  (0  to  150  r.  p.  m.). 

( g )  Effect  of  height  of  drop  (0  to  0.50  in.). 

( h )  Effect  of  length  of  time  jigged  (up  to  3  min.) 

(i)  Effect  of  age  of  concrete  before  jigging  (up  to  6  hr.). 

(/)  Jigged  with  30-lb.  weight  on  top  of  fresh  concrete. 

( k )  Hand  puddling  on  jigging  machine  while  in  operation. 

4.  Effect  of  pressure  on  fresh  concrete  (method  of  applying  the 
higher  pressures  shown  in  Fig.  3). 

(a)  Using  different  pressures  (0  to  500  lb.  per  sq.  in.). 

( b )  Effect  of  duration  of  pressure  (15  min.  to  16  hr.). 

( c )  Effect  of  removal  of  water  by  pressure. 

This  series  included  900  compression  tests  of  6  by  12-in.  concrete 
cylinders  at  the  age  of  28  days.  All  specimens  were  made  from  the  same 
materials  at  the  same  time,  consequently  direct  comparisons  may  be  made 
between  any  two  sets  of  tests. 

Materials. 

The  portland  cement  used  consisted  of  a  mixture  of  equal  parts  of 
four  brands  purchased  from  Chicago  dealers.  The  cement  conformed  to 
all  the  requirements  of  the  Standard  Specifications  and  Tests  for  Portland 
Cement  of  the  American  Society  for  Testing  Materials. 

In  general  the  aggregates  consisted  of  sand  and  pebbles  from  the 
Chicago  Gravel  Company’s  pit  near  Elgin,  Ill.  In  one  group  of  tests 
crushed  limestone  was  used  as  coarse  aggregate.  Sieve  analysis  and 
miscellaneous  tests  of  aggregates  are  given  in  Table  1. 

The  “fineness  modulus”  of  an  aggregate  may  be  used  as  a  measure  of 
its  size  and  grading.  It  is  the  sum  of  the  percentages  in  the  sieve  analysis 
divided  by  100.  The  sieve  analysis  is  expressed  in  terms  of  weight  or 
volume  coarser  than  each  sieve.  Tyler  standard  screen  scale  sieves  are 
used.  The  sizes  of  sieves  and  fineness  moduli  of  the  aggregates  used  in 
these  tests  are  shown  in  Table  1.  Low  values  of  fineness  modulus  corre¬ 
spond  to  the  small  size  and  high  values  to  the  coarse  sizes  of  the  ag¬ 
gregate.* 

Test  Pieces. 

All  test  pieces  consisted  of  6  by  12-in.  cylinders  which  were  stored  in 
damp  sand  for  28  days.  The  concrete  for  each  specimen  was  propor¬ 
tioned  separately  and  mixed  by  hand  with  a  bricklayer’s  trowel  in  a 
shallow  metal  pan.  The  forms  consisted  of  12-in.  lengths  of  cold-drawn 


*For  further  details  on  fineness  modulus  of  aggregates  see  the  writer’s  report  on 
“Design  of  Concrete  Mixtures,”  Bulletin  1,  Structural  Materials  Research  Laboratory. 
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steel  tubing,  split  along  one  element.  Each  form  stood  on  a  machined 
cast-iron  base  plate.  A  smooth  top  was  formed  by  means  of  neat  cement 
and  plate  glass. 

Unless  otherwise  noted,  the  specimens  were  molded  by  the  “standard” 
hand-puddling  method  before  subjecting  them  to  vibration,  jigging  or 
pressure.  This  method  consists  of  puddling  the  fresh  concrete  in  the 
metal  form  in  4-in.  layers  by  means  of  25  strokes  with  a  §^-in.  round 
steel  bar  and  leveling  off  with  a  trowel.  This  method  has  been  in  use  for 


Table  1. — Miscellaneous  Tests  of  Aggregates. 


Size 

Kind 

Weight 
lb.  per 
cu.  ft. 

Density 

Sieve  Analysis  of  Aggregate 
(Per  cent  by  weight  coarser  than  each  sieve.) 

Fineness 

Modu¬ 

lus.** 

100 

48* 

28* 

14* 

8 

4 

|  in. 

Jin. 

1J  in. 

0-28* 

102 

0.61 

88 

42 

0 

1  9,0 

0-14* 

Elgin 

104 

0.62 

90 

91 

36 

0 

2  25 

0-8 

Sand 

108 

0.65 

99 

93 

50 

22 

0 

2  64 

0-4 

and 

112 

0.67 

99 

94 

59 

36 

18 

0 

3  06 

0-f  in. 

Pebbles 

120 

0.72 

99 

96 

73 

57 

46 

33 

6 

4.04 

0-f  in. 

124 

0.74 

99 

97 

82 

72 

64 

58 

30 

6 

5.02 

0-1 j  in. 

128 

0.77 

99 

98 

87 

80 

75 

68 

48 

20 

6 

5.75 

119 

0.71 

99 

95 

69 

51 

38 

24 

17 

7 

o 

4  00 

l  Elgin 

125 

0.75 

99 

97 

79 

68 

58 

49 

35 

15 

0 

5.00 

J  Sand 

126 

0.76 

99 

98 

85 

76 

69 

62 

43 

18 

0 

5.50 

and 

128 

0.77 

99 

98 

87 

80 

75 

68 

48 

20 

0 

5  75 

1  Pebbles 

128 

0.77 

100 

98 

90 

84 

79 

75 

52 

22 

0 

6.00 

125 

0.75 

100 

99 

92 

88 

84 

81 

57 

24 

0 

6.25 

120 

0.72 

100 

99 

95 

92 

90 

87 

62 

25 

0 

6.50 

123 

0.74 

99 

95 

69 

51 

38 

24 

17 

7 

0 

4  00 

Elgin 

128 

0.77 

99 

97 

79 

68 

58 

49 

35 

15 

0 

5  00 

0-1 1  in. 

Sand 

124 

0.74 

99 

98 

85 

76 

69 

62 

43 

18 

0 

5.50 

and 

122 

0.73 

99 

98 

87 

80 

75 

68 

48 

20 

0 

5  75 

Crushed 

118 

0.71 

100 

98 

90 

84 

79 

75 

52 

22 

0 

6.00 

Lime- 

114 

0.68 

100 

99 

92 

88 

84 

81 

57 

24 

0 

6.25 

stone 

110 

0.66 

100 

99 

95 

92 

90 

87 

62 

25 

0 

6.50 

(Note  added  at  Second  Printing,  September,  1922.)  The  No.  48,  28,  and  14-mesh  sieves  give  the  same 
separation  as  the  No.  50,  30  and  16  now  used  in  the  “Tentative  Method  of  Test  for  Sieve  Analysis  of 
Aggregates  for  Concrete  of  the  American  Society  for  Testing  Materials.  The  No.  50,  30  and  16  sieves  are 
now  used  in  all  our  tests. 

**  the  sum  of  percentages  in  sieve  analysis,  divided  by  100. 

several  years  in  our  research  work  and  has  been  found  to  give  uniform 
results  for  different  operators.  The  strength  of  the  concrete  produced  by 
this  method  of  molding  is  used  as  a  basis  for  comparison  (100  per  cent) 
for  all  other  methods  of  treatment  included  in  this  investigation. 

d  he  mixture  is  expressed  as  one  volume  of  cement  to  a  given  number 
of  volumes  of  mixed  aggregate.  A  1 :  5  mix  expressed  in  this  manner  is 
about  the  same  as  the  ordinary  1:2:4  mix.  The  exact  equivalent  of  the 
latter  will  vary  with  the  size  and  grading  of  the  aggregates. 

The  water  content  of  the  concrete  is  expressed  in  terms  of  the  rela¬ 
tive  consistency  and  the  “water-ratio.”  A  relative  consistency  of  1.00 
(normal  consistency)  is  of  such  plasticity  that  the  concrete  of  usual 
mixes  will  give  a  slump  of  to  1  in.  if  the  metal  form  is  withdrawn  by  a 
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steady  upward  pull  immediately  after  molding  the  cylinder!  by  the  stardard 
method.  A  relative  consistency  of  1.10  contains  10  per  cent  more  vater 
than  normal  consistency.  The  water-ratio  is  the  ratio  of  volume  of  vater 
to  volume  of  cement  in  the  batch.  The  weight  of  cement  was  assimed 
as  94  lb.  per  cu.  ft.  For  one  mix  and  given  concrete  materials  the  rehtive 
consistency  and  water-ratio  may  be  used  interchangeably. 


FIG.  1.— ELECTRIC  VIBRATOR. 

Shows  set-up  for  vibration  tests  given  in  Table  3. 

Motor  weighed  12  lb.,  ran  about  1000  r.  p.  m. 

In  the  hand-molded  specimens  the  method  of  placing  the  concrete  was 
varied  by  changing  the  number  of  strokes  of  the  puddling  bar,  using  layers 
of  different  thickness,  etc.  Hand-tampers  2  in.  and  5  in.  in  diameter  were 
also  used.  In  one  set  of  tests  the  form  was  struck  with  a  steel  bar  after 
molding  by  the  standard  puddling  method. 


t(Note  added  at  Second  Printing,  September  1922.)  Present  practice  in  making  the  slump  test  for  con¬ 
sistency  or  workability  of  concrete  requires  the  use  of  a  4  by  8  by  12-in.  truncated  cone.  For  concrete  of  a  given 
consistency  the  cone  gives  slumps  about  X  less  than  the  cylinder.  The  truncated  cone  is  specified  in  the  Prog¬ 
ress  Report  of  the  Joint  Committee  on  Standard  Specifications  for  Concrete  and  Reinforced  -.Concrete  and  is 
used  in  the  Tentative  Specifications  for  Workability  of  Concrete  for  Concrete  Pavements  of  the  American 
Society  for  Testing  Materials. 
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In  the  vibration  tests  the  cylinder  mold  was  bolted  to  a  light  timber 
table  and  the  concrete  specimen  molded  by  the  standard  hand-puddling 
method  described  above. 

Violent  vibration  was  produced  by  holding  an  electric  motor  frame 
against  the  side  of  the  steel  form  as  shown  in  Fig.  1.  The  motor  carried 
an  eccentric  flywheel,  weighed  12  lb.  and  ran  about  1000  r.  p.  m.  The  time 
of  vibration  varied  from  5  sec.  to  1  min. 

The  jigging  tests  were  made  on  the  machine  shown  in  Fig.  2.  The 
machine  consisted  of  a  framework  carrying  a  metal  table  about  4  ft.  wide 


Steel  table  4 


FIG  2.—  TIGGING  MACHINE. 


by  8  ft.;  weight  700  lb.  Table  raised  by  means 
height  ot  drop  can  be  varied  over  wide  range. 


of 


cams;  rate  and 


and  8  ft.  long  weighing  about  700  lb.  The  table  was  raised  by  means  of 
belt-driven  cams  on  two  longitudinal  shafts.  The  rate  and  height  of  drop 
cou  d  be  varied  over  a  wide  range.  In  most  of  the  tests  the  machine  was 
run  for  20  sec.  at  100  drops  per  min.,  0.1-in.  drop;  however,  each  of  these 
factors  were  varied  with  the  other  two  constant. 

All  specimens  were  molded  by  the  standard  hand-puddling  method 
lefore  pressure  was  applied.  Pressures  up  to  10  lb.  per  sq  in  were 
applied  by  piling  weights  on  top  of  a  loose-fitting  cover  plate.  Pressures 

°  n  ,  ancnn  ,,  b'  Per  SQ‘  ni‘  Wefe  appHed  by  wei&hted  levers.  Pressures  of 
00  to  500  lb.  per  sq.  in.  were  obtained  by  placing  the  freshly  molded 
specimen  in  a  testing  machine,  as  shown  in  Fig.  3.  The  spring  facilitated 
maintaining  a  constant  pressure.  For  all  pressures  the  time  of  applica¬ 
tion  varied  from  15  min.  to  16  hr. 

.  "ietal  f°rms  are  fairly  tight  and  permit  little  leakage  of  water 

under  ordinary  conditions.  For  the  wetter  concretes  the  joints  were 
sealed  with  paraffin.  In  the  pressure  tests  the  water  expelled  was  col¬ 
lected  by  means  of  sponges  and  weighed.  It  should  be  noted  that  this 
water  was  almost  clear. 

Test  cylinders  were  made  in  sets  of  5  on  different  days.  One  speci¬ 
men  of  each  form  was  made  before  starting  the  second  round.  The 
strengths  given  in  the  tables  are  the  average  of-  5  entirely  independent 
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tests.  In  this  way  minor  variations  in  materials,  proportions,  manipula¬ 
tion,  etc.,  are  eliminated.  In  the  case  of  the  “standard”  hand-puddled 
specimens  were  made  in  different  parts  of  the  series. 


FIG.  3.— METHOD  OF  APPLYING  PRESSURE  TO 
FRESH  CONCRETE. 

The  higher  pressures  were  applied  by  means  of  a  test- 
ing  machine.  The  spring  facilitated  maintaining  a 
constant  pressure.  The  plate  in  contact  with  fresh 
concrete  was  loose-fitting.  the  water  expelled  from 
concrete  was  collected  by  means  of  sponges  and 
weighed. 


Test  Data  and  Discussion. 

Data  of  the  tests  will  be  found  in  Tables  2  to  7.  Only  average  values 
are  reported.  It  will  be  noted  that  the  “standard”  hand-puddled  concrete 
(average  of  IS  tests)  is  used  as  the  basis  of  comparison.  The  diagrams 
in  Figs.  4  to  16  give  the  data  in  graphical  form. 

A  comparison  of  the  relative  effects  of  puddling  1:5  plastic  conciete 
with  a  steel  bar  and  tamping' with  tampers  of  different  weight  and  size 
is  given  in  Table  2. 
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Table  2.— Effect  of  Method  of  Molding  Concrete  Specimens. 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix  1  :  5  by  volume. 

Relative  consistency,  1.00;  water  ratio,  0.87. 

Age  at  test  28  days;  stored  in  damp  sand;  tested  damp. 

Aggregate-sand  and  pebbles  from  Elgin,  Ill.,  graded  0-l|  in.;  fineness  modulus,  5  75 
Each  value  is  the  average  of  5  tests  made  on  different  days. 


Ref.  No. 

Treatment  of  Concrete 

Compressive  Strength 

lb.  per 
sq.  in. 

Per  cent  of 
Standard 

1 

cmei" ot  fo” ,or  “ch 

2680 

96 

31 

51 

84 

“sfe.iaashS?0” ,or  h» 

2800 

2710 

2840 

1  100 

2780* 

J 

2 

50  strokes  distributed  over  section  for  each  4-in.  layer  using  f -in.  bar. 

2810 

101 

147 

12  strokes  on  each  3-in.  layer  using  2-lb.  tamper  2  in.  in  diameter. 

2690 

97 

148 

12  strokes  on  each  6-in.  layer,  using  2-lb.  2-in.  tamper. 

2420 

87 

149 

12fillt^kLSf0n  *firSt  ;3'in-  Ia-yer  -usLinfr  2db-  2-in-  tamper,  forms  then 
filled  before  tamping  again  with  12  strokes. 

2430 

87 

150 

12^np°.ketS  0nJr?J Hn'  ,ayeri.  usinS  2db-  2-in.  tamper,  remaining 
concrete  settled  by  tapping  form  lightly. 

2500 

90 

3 

25  strokes  distributed  over  section  for  each  4-in.  layer  with  2-lb 
^-ln.  tamper. 

2800 

101 

4 

25  strokes  distributed  over  section  for  each  4-in.  layer  with  2-lb 
o-i n.  tamper. 

2570 

92 

5 

S“  method  of  molding  except  form  struck  3  light  blows  with 
steel  bar  after  puddling  each  4-in.  layer. 

2740 

98 

*AV<3a6eand175  ^  °n  different  days-  This  value  is  used 


>  a  basis  for  comparison  in  Tables  2, 


r.  ,  le  effect  of  vibration  with  electric  vibrator  is  shown  in  Table  3  and 
;ig-  4‘  .  Vl’3rating  f°r  about  30  seconds  caused  no  appreciable  effect  on  the 
strength  of  concrete  which  had  been  puddled  in  place  by  hand.  The  tests 
mcicate  that  hand-puddling  (if  thoroughly  done)  is  just  as  effective  as 
vibration  in  placing  concrete.  In  other  words,  concrete  which  completely 
fills  the  form  is  not  improved  by  vibration.  This  should  not  be  construed 
as  meaning  that  vibration  is  not  effective  in  causing  concrete  to  find  its 
way  into  intricate  form  work  and  around  the  reinforcing  bars. 

..  TIle  effect  of  Jigging  is  shown  in  Tables  4  to  6,  and  Fig.  5  to  12  The 
jigging  method  used  was  one  which  would  be  applicable  to  concrete  prod¬ 
ucts  plants  The  tests  show  that  in  general  jigging  of  concrete  which 
has  been  placed  by  puddling  is  injurious, to  the  strength.  The  improve¬ 
ment  tor  the  small-sized  aggregates  is  probably  due  to  the  fact  that  the 
puddling  method  is  not  so  satisfactory  for  this  condition. 

In  comparing  the  tests  of  crushed  limestone  and  pebbles  in  Table  S  it 
should  be  noted  that  the  three  coarsest  gradings  in  each  group  (fineness 
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Table  3— Effect  of  Vibration  With  Electric  Motor. 

Method  of  vibrating  shown  in  Fig.  1. 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix,  1:5  by  volume. 

Age  at  test  28  days;  stored  in  damp  sand;  tested  damp. 

Aggregate— sand  and  pebbles  from  Elgin,  Ill.,  graded  0-11  in.;  fineness  modulus,  5.75. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Results  of  tests  are  platted  in  Fig.  4. 


Ref.  No. 

Compressive  Strength 

Treatment  of  Concrete 

lb.  per 
sq.  in. 

Per  cent  of 
Standard 

31.51,84 

Standard  method  of  molding. 

2780* 

100 

6 

Standard  method  of  molding,  vibrated  5  sec. 

2880 

104 

7 

Standard  method  of  molding,  vibrated  10  sec. 

2640 

95 

8 

Standard  method  of  molding,  vibrated  20  sec. 

2830 

102 

9 

Standard  method  of  molding,  vibrated  30  sec. 

2700 

97 

10 

Standard  method  of  molding,  vibrated  45  sec. 

2520 

91 

11 

Standard  method  of  molding,  vibrated  60  sec. 

2470 

89 

’Average  of  15  tests  made  on  different  days,  See  Table  2. 


V 

8 

l 

i 

& 


pooo 


\) 


_ 

.< 

> 

£ 

'ffocf  of 

'  Idbnof. 

— O — 

fos? 

- - — i 

* 

7Tme  of  V/braf/on  -seconds 


PIG.  4. _ EFFECT  OF  VIBRATION  ON  THE  STRENGTH  OF  CONCRETE. 

Vibration  produced  by  electric  motor  shown  in  Fig.  1.  Compression  tests  of 
6  by  12-in.  cylinders.  Age,  28  days.  Data  from  Table  3. 
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Table  4. — Effect  of  Jigging  on  the  Strength  of  Concrete. 

(Concrete  of  Different  Mixes  and  Consistencies.) 


All  cylinders  were  molded  by  the  standard  method  before  vibrating  on  machine  shown  in  Fig.  2 
(100  r.p.m.;  0.1-in.  drop;  jigged  20  sec.) 

Compression  tests  of  6  by  12-in.  cylinders. 

Aggregates,  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-li-in.;  fineness  modulus,  5.75. 

Age  at  test  28  days;  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Values  platted  in  Fig.  5. 


Ref. 

No. 

Mix 

by 

Vol. 

Relative 

Consist¬ 

ency 

Water- 
Ratio  to 
Volume  of 
Cement 

Compressive  Strength 

Standard  Method 
lb.  per  sq.  in. 

Standard 
Method  Plus 
Jigging,  lb.  per 
sq. in. 

Jigged 

Concrete, 

Per  cent  of 
Standard 

75 

1:7 

0.70 

0.757 

1270 

1560 

123 

76 

0.80 

0.866 

1650 

1910 

116 

77 

0.90 

0  974 

1730 

2000 

116 

78 

1.00 

1.081 

1710 

1800 

105 

79 

1.10 

1.190 

1480 

1460 

99 

80 

1.25 

1.353 

1140 

1110 

97 

Av.  1500 

1640 

109 

81 

1:5 

0.70 

0.612 

1650 

2020 

122 

82 

0.80 

0.700 

2560 

2870 

112 

83 

0.90 

0.788 

2920 

3120 

107 

84 

1.00 

0.875 

2840 

2630 

93 

85 

1.10 

0.962 

2120 

2040 

96 

86 

1.25 

1.085 

1580 

1560 

99 

Av.  2280 

2370 

104 

87 

1:4 

0.70 

0.540 

1690 

2160 

128 

88 

0.80 

0.618 

3760 

3600 

96 

89 

0.90 

0.695 

3750 

3710 

99 

90 

1.00 

0.777 

3510 

3190 

91 

91 

1.10 

0.849 

2890 

2520 

87 

92 

1.25 

0.965 

1880 

1750 

93 

Av.  2910 

2820 

97 

93 

1:3 

0.70 

0.469 

2160 

2640 

122 

94 

0.80 

0.536 

4050 

4410 

109 

95 

0.90 

0.603 

4530 

4800 

106 

90 

1.00 

0.670 

4050 

3920 

97 

97 

1.10 

0.737 

3420 

3470 

101 

98 

1.25 

0.838 

2680 

2420 

90 

Av.  3480 

3610 

104 

10 
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Table  5— Effect  of  Jigging  on  the  Strength  of  Concrete. 

(Using  Aggregates  of  Different  Size  and  Grading.) 


Values  from  tests  platted  in  Fig.  7  and  8. 

All  cylinders  were  molded  by  the  standard  method  before  jigging  on  machine  shown  in  Fig.  2.  (100  r.p.m.; 

0.1-in.  drop;  jigged  20  sec.) 

Compression  tests  of  6  by  12-in.  cylinders. 

Age  at  test  28  days;  stored  in  damp  sand;  tested  damp. 

Aggregates — sand  and  pebbles  from  Elgin,  Ill.,  except  where  otherwise  noted. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Variation  in  grading  in  last  two  groups  was  produced  by  mixing  different  percentages  of  sand  and  coarse 
aggregate. 


Ref. 

No. 

Mix 

by 

Vol. 

Aggregate 

Relative 

Consist¬ 

ency 

Water- 
Ratio  to 
Volume  of 
Cement 

Compressive  Strength 

Size 

F.  M. 

Standard  Method, 
lb.  per  sq.  in. 

Standard 
Method  Plus 
Jigging,  lb.  per 
sq. in. 

Jigged 

Concrete, 

Per  cent  of 
Standard 

123 

1:5 

0-28 

1.20 

1.00 

1.410 

360 

400 

111 

124 

0-14 

2.25 

1.290 

510 

580 

114 

125 

0-8 

2.64 

1.245 

500 

650 

130 

126 

0-4- 

3.06 

1.195 

950 

1060 

112 

127 

0-1 

4.04 

1.080 

1540 

1270 

82 

128 

0-! 

5.02 

0.960 

2290 

2060 

90 

84 

0— 

5.75 

0.875 

2840 

2630 

93 

129 

1:3 

0-28 

1.20 

1.00 

0.990 

680 

860 

126 

130 

0-14 

2.25 

0.920 

1060 

1360 

128 

131 

0-8 

2.64 

0.890 

1520 

1720 

113 

132 

0-4 

3.06 

0.860 

2080 

2020 

97 

133 

o-l 

4.04 

0.790 

3050 

2930 

96 

134 

0-| 

5.02 

0.720 

3840 

3420 

89 

96 

0-1 2 

5.75 

0.670 

4050 

3920 

97 

47 

1:5 

0—  1$ 

4.00 

1.00 

1.081 

1450 

1460 

101 

48 

5.00 

0.960 

2160 

1960 

91 

49 

5.50 

0.910 

2500 

2250 

90 

50 

5.75 

0.875 

2980 

2360 

79 

51 

6.00t 

0.845 

2710 

2630 

97 

52 

6 . 25+ 

0.810 

2610 

2520 

96 

53 

6.50+ 

0.785 

2110 

2010 

95 

54* 

1:5 

0-1! 

4.00 

1.00 

1.085 

1180 

1390 

118 

55* 

5.00 

0.960 

2030 

1850 

91 

56* 

5.50 

0.910 

2450 

2290 

93 

57* 

5.75 

0.875 

2630 

2430 

92 

58* 

6.00t 

0.845 

2420 

2500 

103 

59* 

6.25+ 

0.810 

1960 

1760 

90 

60* 

.... 

6.50+ 

0.785 

1550 

1460 

94 

*  Crushed  limestone  for  coarse  aggregate. 

t  These  aggregates  are  too  coarse  for  the  quantity  of  cement  used.  See  discussion  on  page  15  also 
Bulletin  1.  “Design  of  Concrete  Mixtures,”  Structural  Materials  Research  Laboratory. 
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Table  6. — Effect  of  Jigging  on  the  Strength  of  Concrete. 

All  cylinders  were  molded  by  the  standard  method  before  jigging  on  machine  shown  in  Fig.  2. 
Compression  tests  of  6  by  12-in.  cylinders. 

Age  at  test  28  days;  stored  in  damp  sand;  tested  damp. 

Aggregates— sand  and  pebbles  from  Elgin,  Ill.  (graded  0-l§  in.). 

Each  va'ue  is  the  average  of  5  tests  made  on  different  day3. 


Ref. 

No. 


Mix 

F.  M. 

Water- 

of 

Ratio 

Aggre- 

to  Volume 

gate 

of  Cement 

Compressive 

Strength 


lb.  per 
sq.  in. 


Treatment  of  Concrete 


Per  cent  of 
Standard 


Effect  of  Height  of  Drop,  100  r.p.m.,  for  20  sec.  (See  Fig.  9). 


.31,51,84 

1:5 

5.75 

1.00 

0.875 

2780* 

100 

Standard  method  of  molding. 

17 

2340 

84 

Drop  .02  in. 

18 

2480 

89 

Drop  .05  in. 

19 

2250 

81 

Drop  .10  in. 

20 

2520 

91 

Drop  .20  in. 

21 

2640 

95 

Drop  .30  in. 

22 

2460 

88 

Drop  .50  in. 

Effect  of  Rate  of  Jigging,  0.1-in.  drop,  fqr  20  sec.  (See  Fig.  10). 


31,51,84 

1:5 

5.75 

1.00 

0.875 

2780* 

100 

Standard  method  of  molding. 

12 

2640 

95 

Jigged  at  30  r.p.m. 

13 

2490 

90 

Jigged  at  50  r.p.m. 

14 

2470 

89 

Jigged  at  75  r.p.m. 

15 

2520 

91 

Jigged  at  100  r.p.m. 

16 

2420 

87 

Jigged  at  150  r.p.m. 

Effect  of  Time  Jigged  at  100  r.p.m.,  0.1-in.  drop  (See  Fig.  11). 


13,51,84 

1:5 

5.75 

1.00 

0.875 

2780* 

100 

Standard  method’of  molding. 

32 

2440 

88 

Jigged  for  5  sec. 

33 

2260 

81 

Jigged  for  10  sec. 

34 

2390 

86 

Jigged  for  20  sec. 

35 

.... 

2320 

83 

Jigged  for  30  sec. 

36 

2251 

81 

Jigged  for  45  sec. 

37 

2190 

79 

Jigged  for  1  min. 

38 

2090 

75 

Jigged  for  2  min. 

39 

217J 

78 

Jigged  for  3  min. 

Miscellaneous  Jigging  Tests,  100  r.p.m.,  0.1-in.  drop,  jigged  21  sec.  (See  Fig.  12). 


31.51,84 

1:5 

5.75 

1.00 

0.875 

2780* 

100 

Standard  method  of  molding. 

40 

2780 

100 

Standard  method  of  molding, 
jigged  with  30-lb.  weight  on 
top.  (See  Figs.  9,  10  and  11.) 

15,  19,  34 

2390 

86 

Jigged  immediately. 

41 

2550 

92 

.  Stood  1  hr.  before  jigging. 

42 

2940 

106 

Stood  2  hr.  before  jigging. 

43 

2950 

106 

Stood  3  hr.  before  iigging. 

44 

3000 

108 

Stood  4  hr.  before  jigging. 

45 

2870 

103 

Stood  6  hr.  before  jigging. 

46 

2770 

100 

Molded  by  standard  method 
on  jigging  machine  while  in 
operation. 

Average  of  15  tests  made  on(different  days.  See  Table  2. 


12 


Structural  Materials  Research  Laboratory. 


Table  7.— Effect  of  Pressure  on  the  Strength  of  Concrete. 


All  cylinders  were  molded  by  standard  method  before  pressure  was  applied.  Pressures  higher  than 
50  lb.  per  sq.  in.  were  applied  by  a  testing  machine,  as  shown  in  Fig.  3. 


Compressive 

Ref. 

No. 

Mix 

F.M. 

Relative 

Water-Katio 

Strength 

Treatment  of  Concrete 

by 

of 

Consist- 

After 

lb.  per 

Per  cent 

Volume 

Agg. 

ency 

As 

of  Stand- 

Mixed 

Pressure 

sq.  in. 

ard 

Pressure  Applied  15  Minutes. 


31  51  84 

5.75 

1.00 

0.875 

0.875 

2780* 

100 

Standard  method  of  molding 

’  23’ 

0.842 

314C 

113 

Pressure,  2  lb.  per  sq.  in. 

24 

0.845 

3000 

108 

5  lb.  per  sq.  in. 

25 

0.831 

2930 

105 

“  10  lb.  per  sq.  in. 

26 

0.816 

2900 

104 

“  25  lb.  per  sq.  in. 

27 

0.820 

3130 

113 

“  50  lb.  per  sq.  in. 

28 

0.810 

3470 

125 

“  100  lb.  per  sq.  in. 

29 

0.785 

3360 

121 

“  200  lb.  per  sq.  in. 

30 

0.751 

3590 

129 

“  500  lb.  per  sq.  in. 

Av. 

0.819 

3150 

113 

Pressure  Applied  1  Hour. 


31,51,84 

23 

1:5 

5.75 

1.00 

0.875 

0.875 

2780* 

100 

Standard  method  of  molding 

0.845 

2920 

105 

Pressure,  2  lb.  per  sq.  in. 

24 

0.824 

2830 

102 

“  5  lb.  per  sq.  in. 

25 

0.839 

2950 

106 

“  10  lb.  per  sq.  in. 

26 

0.834 

2880 

104 

“  25  lb.  per  sq.  in. 

27 

0.821 

3120 

112 

“  50  lb.  per  sq.  in. 

28 

0.810 

3190 

115 

“  100  lb.  per  sq.  in. 

29 

0.781 

3790 

136 

“  200  lb.  per  sq.  in. 

30 

Av. 

0.756 

0.820 

3470 

3100 

125 

112 

“  500  lb.  per  sq.  in. 

Pressure  Applied  4  Hours. 


31,  51,  84 
23 

1:5 

5.75 

1.00 

0.875 

0.875 

0.855 

2780* 

2880 

100 

104 

Standard 

Pressure, 

method  of  molding. 
2  lb.  per  sq.  in. 

24 

0.845 

2980 

107 

5  lb.  per 

sq.  in. 

25 

0.820 

3200 

115 

“ 

10  lb.  per 

sq.  in. 

26 

0.840 

2000 

104 

25  lb.  per 

sq.  in. 

27 

0.821 

2990  ' 

108 

“ 

50  lb.  per 

sq.  in. 

28 

0.795 

3270 

118 

100  lb.  per 

sq.  in. 

29 

0.767 

3350 

121 

“ 

200  lb.  per 

sq.  in. 

30 

0.750 

3680 

132 

“ 

500  lb.  per 

sq.  in. 

Av. 

0.819 

3120 

112 

Pressure  Applied  16  Hours. 


31,  51,  84 

1:5 

5.75 

1.00 

0.875 

0.875 

2780* 

100 

Standard  method  of  molding. 

23 

0.834 

3060 

110 

Pressure.  2  lb.  per  sq.  in. 

24 

0.824 

2710 

97 

“  5  lb.  per  sq.  in. 

25 

0.815 

2630 

•95 

“  10  lb.  per  sq.  in. 

26 

0.846 

2670 

96 

“  25  lb.  per  sq.  in. 

27 

0.798 

3320 

119 

“  50  lb.  per  sq.  in. 

28 

0.795 

3330 

120 

“  100  lb.  per  sq.  in. 

29 

0.794 

3410 

123 

“  200  lb.  per  sq.  in. 

30 

0.766 

3420 

123 

“  500  lb.  per  sq.  in. 

Av. 

0.816 

3040 

109 

Grand  Average  of  all  Times  of  Application  of  Pressure  (Bee  Figs  13  to  16). 


31,51,84 

1:5 

5.75 

1.00 

0.875 

0.875 

2780* 

100 

Standard  method  of  molding 

0.844 

3000 

108 

Pressure,  2  lb.  per  sq.  in. 

0.834 

2880 

104 

“  5  lb.  per  sq.  in. 

0.826 

2930 

105 

“  10  lb.  per  sq.  in. 

0.834 

2840 

102 

“  25  lb.  per  sq.  in. 

0.815 

3140 

113 

“  50  lb.  per  sq.  in. 

0.802 

3320 

119 

“  100  lb.  per  sq.  in. 

0.78'* 

3480 

125 

“  200  lb.  per  sq.  in. 

0.756 

3540 

127 

“  500  lb.  per  sq.  in. 

*  Average  of  15  tests  made  on  different  days,  see  Table  2. 
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FIG.  5.— EFFECT  OF  CONSISTENCY  ON  THE  STRENGTH  OF  TIGGED 

CONCRETE. 

Specimens  molded  by  standard  method  and  parallel  sets  jigged  on  machine  shown  in 
Fig.  2.  Compression  tests  of  6  by  12-in.  cylinders.  Age  28  days.  Data  from  Table  4. 

modulus  6.00  and  over)  are  too  coarse  for  this  mix,  consequently  the  con¬ 
crete  strengths  fall  off.  The  extremely  coarse  mixtures  cause  a  much 
greater  reduction  in  the  strength  of  the  concrete  made  from  crushed 
stone  than  from  gravel.  For  this  reason  it  is  not  proper  to  draw  con¬ 
clusions  from  a  comparison  of  average  values  from  the  two  types  of 
coarse  aggregate.  If  we  confine  our  attention  to  the  ordinary  range  in 
aggregate  grading  (fineness  modulus  5.00  to  5.75)  we  find  little  difference 
in  strength  of  concrete  from  the  two  materials.  For  these  conditions  the 
average  strength  with  pebbles  is  2550  lb.  per  sq.  in.  for  the  standard 
method  of  hand-puddling  and  2190  after  jigging;  corresponding  values 
for  crushed  stone  are  2370  and  2190  lb.  per  sq.  in. 

The  tests  of  concrete  setting  under  pressure  are  of  interest  in  that 
they  reveal  the  reason  for  increased  strength  due  to  this  treatment.  The 
concrete  strength  is  increased  due  to  the  fact  that  some  of  the  original 
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FIG.  6.— EFFECT  OF  CONSISTENCY  ON  THE  STRENGTFI  OF  JIGGED 
CONCRETE. 

Each  value  is  the  average  of  20  tests,  S  each  from  4  different  mixes  in  Table  4. 


/v/7<s/r7<s,ss  APodr/c/s  of'/9gyrepof<S‘ 

FIG  7.— EFFECT  OF  SIZE  OF  AGGREGATE  ON  THE  STRENGTH  OF 
JIGGED  CONCRETE. 

Compression  tests  of  6  by  12-in.  cylinders.  Age  28  days.  Data  from  4  able  5. 
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mixing  water  is  forced  out.  The  higher  the  pressure,  the  more  water  is 
removed,  hence  the  higher  the  strength. 

Attention  is  called  to  the  unusual  uniformity  of  the  results  of  the 
tests  in  this  series,  as  illustrated  by  the  fact’  that  in  the  diagrams  the 
points  fall  on  smooth  curves ;  in  only  a  few  instances  is  there  an  appreci¬ 
able  deviation  from  this  rule. 

Summary  and  Conclusions. 

The  tests  gave  conclusive  results  on  many  phases  of  the  effect  of 
vibration,  jigging  and  pressure.  In  some  instances  the  effect  is  entirely 
different  from  what  accepted  opinion  would  suggest.  Following  is  a 
brief  summary: 


Effect  of  Puddling  and  Tamping. 

1.  Varying  the  Amber  of  strokes  from  12  to  50  on  each  4-in.  layer 
in  the  standard  method  of  hand-puddling  with  a  ^-in.  bar  had  little 
influence  on  the  compressive  strength  of  ordinary  plastic  concrete. 

2.  In  general,  the  tamping  methods  used  gave  lower  strengths  than 
hand-puddling. 

3.  A  tamper  of  large  diameter  for  a  given  weight  was  less  effective 
than  one  of  small  diameter. 

4.  Increasing  the  thickness  of  the  layer  from  4  to  6  in.  caused  a 
falling-off  in  strength  of  about  12  per  cent  for  tamped  concrete. 

5.  Tamping  or  puddling  the  first  4-in.  layer  only,  caused  a  falling 
off  in  strength  of  10  to  13  per  cent. 

6.  Striking  the  metal  form  with  a  ‘steel  bar  after  the  completion  of 
molding  by  standard  method  had  no  effect  on  the  strength  of  concrete. 

7.  The  “standard”  method  of  hand-puddling  using  25  strokes  with  a 
§^-in.  steel  bar  for  each  4-in.  layer  of  concrete  in  a  6  by  12-in.  cylinder 
is  recommended  for  laboratory  tests  of  concrete. 

Effect  of  Vibration  with  Electric  Hammer. 

8.  Vibration  of  the  specimen  after  molding  by  means  of  an  electric 
hammer  running  at  1000  r.  p.  m.  had  little  influence  on  the  strength  of  the 
puddled  concrete  up  to  a  period  of  about  30  seconds.  Tf  continued,  there 
was  a  steady  falling  off  in  strength;  after  45  to  60  seconds  the  strength 
was  only  90  per  cent  of  that  produced  by  the  standard  method  of  pud¬ 
dling.  (Table  3,  and  Fig.  4.) 

Effect,  of  Jigging. 

9.  In  general,  jigging  in  any  manner  with  the  apparatus  used  reduced 
the  compressive  strength  of  the  concrete  regardless  of  the  height  of  drop, 
rate  or  duration  of  treatment.  Exceptions  were  found  in  the  dry  mixes 
and  those  made  of  aggregates  of  the  smaller  sizes.  (Tables  4  to  6;  Fig. 
5  to  12.) 
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10.  There  was  little  difference  in  the  effect  of  jigging  due  to  the 
quantity  of  cement  used.  (Fig.  5.) 

11.  In  the  very  dry  mixes  the  strength,  due  to  jigging  for  20  seconds, 
was  increased  about  25  per  cent.  (Fig.  5  and  6.) 

12.  The  wetter  mixes  (relative  consistency  1.10  to  1.25)  were  reduced 
in  strength  3  to  6  per  cent  by  jigging.  (Fig.  5  and  6.) 
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FIG.  8.— EFFECT  OF  GRADING  OF  AGGREGATE  ON  THE  STRENGTH  OF 


JIGGED  CONCRETE. 


Specimens  molded  by  standard  method  and  parallel  sets  jigged  on  machine  shown  in 
Fig.  2.  Compression  tests  of  6  by  12-in.  cylinders.  1:5  mix.  Age,  28  days.  All 
aggregate  graded  0-1^2  in.  Data  from  Table  5. 

13.  Pebbles  and  crushed  limestone  as  coarse  aggregate  gave  essen¬ 
tially  the  same  results  in  the  jigging  tests.  (Fig.  8.) 

14.  The  concretes  from  the  finer  aggregates  showed  a  material  in¬ 
crease  in  strength  with  jigging  in  both  1:5  and  1:3  mixes.  (Fig.  7.) 

15.  For  aggregate  coarser  than  about  -Hs-in.,  jigging  reduced  in 
strength  from  3  to  10  per  cent.  (Fig.  7.) 

16.  The  grading  of  the  aggregates  (for  a  given  maximum  size)  had 
little  influence  on  the  effect  of  jigging.  (Fig.  8.) 

17.  The  greater  the  drop  the  greater  the  reduction  in  strength  for  1:5 
concrete.  For  a  drop  of  ^-in.  the  strength  was  reduced  12  per  cent. 
(Fig.  9.) 
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FIG.  9.— EFFECT  OF  HEIGHT  OF  DROP  IN  JIGGING  TESTS, 
mpression  tests  of  6  by  12-in.  cylinders.  Age  28  days.  Data  from  Table  6. 
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FIG.  10.— EFFECT  OF  RATE  OF  JIGGING  ON  THE  STRENGTH 
OF  CONCRETE. 

Compression  tests  of  6  by  12-in.  cylinders.  1  :5  mix.  Age  28  days.  Data  from  Table  6. 
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FIG.  11.— EFFECT  OF  DURATION  OF  JIGGING  ON  THE  STRENGTH  OF 

CONCRETE. 

Compression  tests  of  6  by  12-in.  cylinders.  1:5  mix.  Age  28  days.  Data  from  Table  6. 
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FIG.  12.— EFFECT  OF  AGE  OF  CONCRETE  BEFORE  JIGGING. 
Compression  tests  of  6  by  12-in.  cylinders.  1:5  mix.  Age  28  days.  Data  from  Table  6. 
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18.  The  faster  the  rate  of  jigging  the  lower  the  strength  of  1 :  5  con¬ 
crete.  Using  lp2-in.  aggregate  at  150  r.  p.  m.,  the  strength  was  reduced 
about  13  per  cent.  (Fig.  10.) 

19.  The  strength  of  1  :  5  concrete  fell  off  rapidly  with  the  duration  of 
jigging.  After  2  to  3  minutes’  jigging  the  strength  was  reduced  about  20 
per  cent  as  compared  with  standard  method  of  hand-puddling.  (Fig.  11.) 


% 


O  /OO  <rV0  SOO  400  SOO 


FIG.  13.— EFFECT  OF  PRESSURE  ON  THE  STRENGTH  OF  CONCRETE. 
Compression  tests  of  6  by  12-in.  cylinders.  1:5  mix.  Age,  28  days.  Pressure  applied 
immediately  after  molding.  Each  point  represents  the  average  of  20  tests,  5  each 
from  4  different  times  of  application  of  pressure  ranging  from  15  min.  to  16  hr. 
Data  from  Table  7. 

20.  Allowing  the  concrete  to  stand  for  a  period  of  time  before  jig¬ 
ging,  increased  the  strength  to  a  slight  extent.  The  maximum  increase 
was  found  at  2  to  4  hr.  (Fig.  12.) 

21.  The  application  of  a  pressure  of  1  lb.  per  sq.  in.  during  the  jig¬ 
ging  process  (equivalent  to  a  head  of  1  ft.  of  fresh  concrete)  gave  the 
same  strength  as  standard  hand-puddling.  (Fig.  9,  10  and  11.) 

22.  Molding  the  cylinders  by  the  standard  method  on  the  jigging 
table  while  it  was  in  motion,  gave  the  same  strength  as  standard  hand¬ 
puddling  without  jigging.  (Table  6.) 
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Here  the  strength  was  reduced  13  per  cent  due  to  failure  to  tamp  or 
puddle  the  top  9  in.  of  the  cylinder.  It  is  impracticable  to  duplicate  in  a 
compression  test  piece  the  performance  of  air  hammers  and  other  similar 
methods  of  vibrating  when  used  on  reinforced  concrete  work. 

The  tests  show  that  with  jigging  high  strength  may  be  secured  with 
drier  mixes  than  would  be  feasible  otherwise.  It  is  a  matter  of  common 
experience  that  concrete  of  drier  consistency  (and  consequently  higher 
strength)  can  be  placed  by  means  of  jigging  or  vibration  than  would  be 
possible  by  the  usual  methods. 


fafo/<2r--/x>C?//0  <7/04?/*  /^<7SS6//~i £» 


FIG.  16.— EFFECT  OF  QUANTITY  OF  MIXING  WATER  ON  THE  STRENGTH 

OF  CONCRETE. 

Compression  tests  of  6  by  12-in.  cylinders.  Age,  28  days.  Water-ratio  determined  j 
after  application  of  pressure.  Each  point  represents  the  average  of  45  tests,  5 
each  from  9  different  pressures.  Data  from  grand  average  values  in  Table  7.  \ 

The  narrow  range  in  water-ratio  gives  a  straight  line  relation  for  these  tests.  j 
The  water-strength  relation  is  represented  by  a  curved  line  as  shown  in  Bulletin  1, 
Structural  Materials  Research  Laboratory. 

The  roller  method  of  finishing  concrete  roads,  walks  and  floors  is  an 
interesting  example  of  a  combination  of  slight  vibration  and  pressure 
accompanied  by  the  removal  of  excess  water.  Transverse  tests  on  con-  j 
Crete  made  in  this  Laboratory  showed  a  marked  increase  in  strength  of  j 
the  rolled  slabs  as  compared  with  similar  slabs  without  rolling.* 
— 

*See  paper  of  A.  N.  Johnson,  Proc.  Am.  Soc.  Testing  Mat.,  1917, %  Part  II,  p.  378. 
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It  is  clear  from  these  tests  that  if  tamping,  vibration  or  pressure  on 
fresh  concrete  are  to  be  effective  in  increasing  its  strength  three  factors 
must  be  kept  in  mind : 

(1)  We  must  take  advantage  of  the  fact  that  with  these  methods 
the  concrete  can  be  placed  and  finished  drier  than  with  ordinary 
methods. 

(2)  Excess  water  which  is  brought  to  the  surface  must  be 
removed. 

(3)  We  must  take  advantage  of  the  fact  that  aggregate  of  a 
coarser  grading  may  be  used  when  such  methods  are  employed  than 
would  be  practicable  otherwise. 

The  advantages  to  be  gained  under  (3)  are  due  to  the  fact  that  up 
to  a  certain  point  a  plastic  mix  can  be  secured  with  a  smaller  quantity  of 
water  if  the  aggregate  is  as  coarse  as  practicable.  Unless  these  pre¬ 
cautions  are  taken,  tamping  and  vibration  are  of  doubtful  value. 
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Problems  in  Design  and  Construction  of  Reinforced  Concrete  Ships,  by  M  ig  and 
Hollister ; 

Proc.  Am.  Concrete  Inst.,  v.  18,  p.  457,  1918. 

Air  hammer  used  to  settle  concrete  around  steel. 

Pressing  Out  Mix  Water  Adds  to  Cement  Mortar  Strength,  by  C.  T.  Wiskocil; 

Eng.  News-Rec.,  v.  83,  p.  130,  July  17,  1919. 

Tests  made  at  University  of  California  show  that  concrete  molded  under 
pressure  gave  high  strengths. 

Effect  of  Rodding  Concrete,  by  F.  E.  Giesecke; 

Eng.  News-Rec.,  v.  82,  p.  957,  May  15,  1919. 

Concrete,  v.  14,  p.  196  and  v.  15,  p.  196  and  214,  1919. 

Eng.  &  Contr.,  v.  51,  p.  543,  May  21,  1919. 

Am.  Archt.,  v.  116,  p.  467,  Oct.  1,  1919. 

Can.  Engr.,  v.  37,  p.  217,  Aug.  14,  1919. 

Tests  made  at  University  of  Texas.  Rodding  increased  strength  of  concrete. 

Effect  of  Vibration,  Jigging  and  Pressure  on  Fresh  Concrete,  by  D.  A.  Abrams; 

Proc.  Am.  Concrete  Inst.,  v.  15,  p.  63,  1919. 

Bull.  3,  Structural  Materials  Research  Lab.,  1920. 

Tl.  Eng.  Inst,  of  Canada,  v.  3,  p.  181,  April,  1920. 

Mun.  Ji.  &  Public  Works,  v.  48,  p.  43,  Jan.  31,  1920. 

Method  of  Construction  of  Concrete  Ships,  by  R.  J.  Wig; 

Proc.  Am.  Concrete  Inst.,  v.  15,  p.  266,  1919. 

Describes  use  of  air  hammer  for  vibrating  forms. 

Goodlet  Vibrator. 

U.  S.  Patent  1,340,860,  May  18,  1920. 

Effect  of  Rodding  Concrete,  by  F.  E.  Giesecke; 

Proc.  Am.  Soc.  Testing  Mat.,  June  22,  1920. 

Concrete,  v.  16,  p.  102,  February,  1920. 

Eng.  &  Contr.,  v.  54,  p.  184,  Aug.  25,  1920. 

Eng.  World,  v.  17,  p.  89,  August,  1920. 

Can.  Engr.,  v.  38,  p.  118,  Jan.  8.  1920. 

Tests  made  at  University  of  Texas;  continuation  of  earlier  work;  graph 
shows  comparison  of  Abrams’  curve  with  strengths  of  rodded  concrete; 
water-ratios  based  on  quantity  of  water  in  concrete  before  and  after  rodding. 

Influence  of  Jarring  on  the  Strength  of  Concrete,  by  H.  Schafer; 

Prometheus,  v.  31,  p.  140,  Jan.  31,  1920. 

Experiments  carried  out  in  the  Saxon  Mech. -Technical  Experimental  Inst., 
Dresden,  show  that  a  slight  jarring  before  setting  begins  has  favorable  effect 
on  strength;  during  setting  period  its  influence  varied;  after  cement  is  hard¬ 
ened,  no  apparent  effect. 

Effect  of  Ramming  on  Strength  of  Mortars  (Longtime  Tests  of  Portland  Cement, 
Hydraulic  Lime  and  Volcanic  Ashes),  by  I.  Hiroi; 

Jl.  Coll.  Eng.  Tokyo  Imperial  University,  v.  10,  p.  155-72,  1920. 

Birkenhead-Alwen  Water  Supply, 

Concrete  &  Const.  Eng.,  Oct.,  1921,  p.  643. 

Concrete  blocks  for  dam  consolidated  by  vibrating  table  and  air  hammer. 

Effect  of  Vibration  in  Molding  Concrete, 

Concrete  &  Const.  Eng.,  Aug.,  1921,  p.  535. 

Block  vibrated  with  pneumatic  hammer  and  strength  compared  with  un¬ 
vibrated  block. 

Tests  on  Molding  of  Concrete  Under  Pressure,  by  H.  M.  Nelson; 

Eng.  Rec.,  v.  89,  p.  21,  July  6,  1922. 

Effect  of  pressures  up  to  5,000  lb.  per  sq.  in.  and  of  curing  in  air,  steam 
and  water. 

Density  of  Concrete,  by  F.  E.  Giesecke; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  22,  Part  II,  1922. 

Concrete  Ships  Constructed  by  U.  S.  Shipping  Board,  by  W.  R.  Harper; 

Proc.  Am.  Concrete  Inst.,  v.  18,  p.  97,  1922. 

Describes  use  of  air  hammer  for  vibrating  forms. 
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FOREWORD  TO  REVISED  EDITION 


This  report  was  originally  published  in  the  copyrighted 
Proceedings  of  the  American  Society  for  Testing  Materials,  Vol. 
XIX,  Part  II,  1919.  Acknowledgment  is  made  to  the  Society  for 
permission  to  reprint  the  paper  in  bulletin  form. 

The  oral  and  written  discussions  which  appeared  in  the  Pro¬ 
ceedings  are  omitted  from  this  Bulletin. 

In  issuing  this  revised  edition,  only  a  few  minor  editorial 
changes  have  been  made  in  the  text  and  no  change  in  the  figures. 
Tables  17,  24,  26,  28,  and  29,  have  been  revised  to  include  i-year 
tests  of  mortar  and  concrete  in  Series  120.  No  changes  in  the 
original  discussion  or  the  general  conclusions  have  been  made 
necessary  by  the  new  tests.  Without  exception  the  i-year  tests  gave 
higher  values  than  at  3  months. 

The  following  bibliographies  have  been  added : 

Effect  of  Fineness  of  Cement; 

Methods  of  Measuring  Fineness  of  Cement  and  Other 
Powdered  Materials. 


EFFECT  OF  FINENESS  OF  CEMENT 


By  Duff  A.  Abrams. 


SUMMARY. 

The  recent  revision  of  the  Standard  Specifications  for  Portland  Cement 
served  to  focus  the  attention  of  engineers  on  the  function  of  fineness  of 
grinding  of  cement  in  producing  concrete  of  high  strength  and  other  desir¬ 
able  properties.  An  investigation  of  this  subject  has  been  under  way  at 
Lewis  Institute  for  the  past  4  years.  Five  series  of  tests  have  been  com¬ 
pleted  ;  another  series,  now  under  way,  is  not  included  in  this  report.  These 
studies  were  made  as  a  part  of  the  investigations  of  concrete  and  concrete 
materials  being  carried  out  through  the  cooperation  of  the  Portland  Cement 
Association  and  Lewis  Institute  at  the  Structural  Materials  Research 
Laboratory. 

The  Portland  cements  used  were  from  7  commercial  mills.  These 
plants  represent  the  principal  cement-producing  districts  east  of  the  Mis¬ 
sissippi  River.  Fifty-one  different  samples  of  cement  were  used.  The 
cements  were  ground  at  the  mill  to  4  to  7  degrees  of  fineness,  which  gave 
residues  ranging  from  2  to  43  per  cent  on  the  standard  No.  200  sieve.  In 
general,  the  aggregate  consisted  of  sand  and  pebbles;  in  one  series  blast¬ 
furnace  slag  and  a  light-weight  aggregate  consisting  of  burnt  shale  were 
used. 

This  report  covers  compression  tests  on  6125  6  by  12-in.  concrete 
cylinders,  9000  compression  and  tension  tests  of  mortar,  and  several 
thousand  miscellaneous  tests.  Strength  tests  of  concrete  and  mortar  were 
made  at  ages  of  7  days  to  1  year. 

Definite  information  has  been  secured  on  the  following: 

(a)  Effect  of  fineness  of  cement  on  the  strength  of  concrete; 

( b )  Quality  of  concrete  using  different  cements; 

( c )  Effect  of  the  quantity  of  cement  used; 

( d )  Effect  of  consistency  of  the  concrete; 

( e )  Effect  of  size  and  grading  of  the  aggregate; 

(/)  Variation  in  the  type  of  aggregate; 

(g)  Effect  of  age  of  concrete; 

( h )  Elongation  and  contraction  of  concrete; 

(0  Effect  of  fineness  of  cement  on  workability  of  concrete. 

The  following  are  the  principal  conclusions  from  the  tests : 

1.  There  is  no  necessary  relation  between  the  strength  of  concrete  and 
the  fineness  of  the  cement,  if  different  cements  are  considered. 
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2.  In  general,  the  strength  of  concrete  increases  with  the  fineness  of  a 
given  lot  of  cement,  for  all  mixes,  consistencies,  gradings  of  the  aggregate, 
and  ages'of  concrete.  The  cements  with  residues  lower  than  about  10  per 
cent  were  inclined  to  give  erratic  results  in  the  strength  tests;  one  lot 
showed  an  abnormal  increase,  and  two  a  pronounced  decrease  in  strength 
as  compared  with  the  other  tests  on  coarser  cements  in  the  same  lot. 

3.  For  residues  higher  than  10  per  cent  the  strength  of  concrete  varies 
approximately  inversely  as  the  residue  on  the  No.  200  sieve. 

4.  Fine  grinding  of  cement  is  more  effective  in  increasing  the  strength 
of  lean  mixtures  than  rich  ones. 

5.  Fine  grinding  of  cement  is  more  effective  in  increasing  the  strength 
of  concrete  at  7  days  than  at  ages  of  28  days  to  1  year. 

6.  For  the  usual  range  of  consistencies  the  effect  of  fineness  of  cement 
is  independent  of  the  consistency  of  the  concrete.  The  rate  of  increase 
in  strength  with  fineness  is  lowered  for  very  wet  mixtures. 

7.  Ordinary  concrete  mixtures  at  28  days  show  an  increase  in  strength 
of  about  2  per  cent  for  each  1  per  cent  reduction  in  the  residue  of  the 
cement  on  the  No.  200  sieve.  At  7  days,  3  months  and  1  year  the  corre¬ 
sponding  increases  in  strength  are  about  2.5,  1.7  and  1.4  per  cent. 

8.  The  decreased  benefit  of  fine  grinding  of  cement  with  the  age  of 
the  concrete  does  not  bear  out  accepted  opinion  that  the  coarser  particles 
of  cement  do  not  hydrate,  but  indicates  that  the  principal  result  of  finer 
grinding  is  to  hasten  the  early  hardening  of  the  concrete. 

9.  For  the  richer  mixtures  and  the  consistency  necessary  for  building 
construction,  the  fineness  of  the  cement  has  no  appreciable  effect  on  the 
workability  of  concrete  as  determined  by  the  “slump”  test.  For  leaner 
mixtures  and  wetter  consistencies  the  finer  cements  showed  a  somewhat 
greater  “slump”  than  the  coarser  cements. 

10.  The  normal  consistency  of  cement  is  increased  with  fineness  of 
grinding.  About  0.1  per  cent  of  water  (in  terms  of  the  weight  of  the 
cement)  must  be  added  for  each  1  per  cent  reduction  in  residue  on  the 
No.  200  sieve. 

11.  The  time  of  setting  of  the  cement  is  shortened  with  finer  grind¬ 
ing.  In  some  instances  initial  setting  time  with  the  Vicat  needle  was 
shortened  to  5  to  10  minutes. 

12.  The  unit  weight  of  cement  decreases  with  fineness.  For  the 
cements  used  in  these  tests  the  weight  varied  from  76  (residue  of  2.4  per 
cent)  to  108  lb.  per  cu.  ft.  (residue  43.3  per  cent).  For  the  usual  range 
in  fineness  the  weight  is  lowered  about  34  lb.  per  cu.  ft.  for  each  1  per 
cent  reduction  in  the  residue  on  the  No.  200  sieve. 

13.  In  using  94  lb.  per  cu.  ft.  as  a  uniform  basis  for  proportioning  the 
cements  in  these  tests,  the  actual  volume  of  cement  in  a  batch  of  the  same 
mix  varies  about  35  per  cent.  If  the  mixtures  had  been  proportioned  in  a 
manner  that  would  have  given  a  uniform  volume  of  cement,  the  resulting 
concrete  strength  would  not  have  been  so  favorable  to  the  finer  cements. 
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14.  The  fineness  of  cement  has  no  appreciable  effect  on  the  yield  or 
density  of  concrete. 

15.  Concrete  of  all  mixes  and  consistencies  showed  expansion  in  damp 
sand  or  water  storage  and  contraction  in  air. 

16.  The  change  in  length  of  concrete  specimens  stored  in  air  or  water 
is  independent  of  the  fineness  of  the  cement  and  the  consistency  of  the 
concrete.  The  lean  concretes  are  slightly  less  affected  than  the  rich 
mixtures. 

17.  The  type  of  aggregate  has  little  or  no  influence  on  the  relative 
effect  of  fineness  of  cement  on  the  strength  of  concrete. 

18.  The  tests  included  in  this  report  show  an  intimate  relation  between 
the  strength  of  the  concrete  and  the  water  ratio  of  the  mixture.  The  lower 
the  water-ratio  (so  long  as  the  concrete  is  plastic  and  the  aggregate  not 
too  coarse)  the  higher  the  strength,  and  vice  versa.  This  confirms  the 
results  of  other  concrete  tests  made  in  this  Laboratory.  Increasing  the 
quantity  of  cement  in  a  given  mixture  enables  us  to  secure  a  concrete 
of  equal  workability  with  a  lower  water-ratio,  hence  a  higher  strength. 

19.  In  ordinary  concrete  mixtures  (say,  1 :5  to  1 :4,  requiring  20  to  25 
per  cent  cement,  by  volume)  increasing  the  cement  content  by  1  per  cent 
(to  20.2  per  cent  for  a  1:5  mix)  gives  an  increase  in  strength  of  about  1 
per  cent. 

20.  One  per  cent  increase  in  cement  is  more  effective  in  increasing  the 
strength  of  concrete  in  lean  than  in  rich  mixtures. 

21.  One  per  cent  increase  in  cement  is  somewhat  more  effective  in  in¬ 
creasing  the  early  strength  of  concrete  than  at  later  periods. 

22.  The  effect  of  increasing  the  quantity  of  cement  is  independent  of 
the  consistency  of  the  concrete. 

23.  Tension  tests  of  briquettes  do  not  give  a  correct  measure  of  the 
relative  merits  of  different  cements  as  determined  by  compression  tests  of 
mortar  and  concrete. 
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By  Duff  A.  Abrams. 


Introduction. 

The  recent  revision  of  the  Standard  Specifications  for  Portland 
Cement  focused  attention  on  the  function  of  the  fineness  of  grinding  of 
cement  in  producing  concrete  of  high  strength  and  other  desirable  prop¬ 
erties.  The  effect  of  fineness  of  cement  has  been  investigated  by  many 
experimenters  during  the  past  sixty  years.  The  earliest  experimental  study 
which  has  come  to  the  writer’s  attention  is  that  made  by  John  Grant,  as  a 
part  of  his  investigation  during  the  construction  of  the  London  Main 
Drainage  Works.  The  results  of  these  tests  were  published  originally  in 
the  Proceedings  of  the  Institution  of  Civil  Engineers,  1865  and  1870.  The 
report  has  since  been  reprinted  in  book  form  under  the  title  of  “Strength 
of  Cement.”  A  great  many  tests  on  the  effect  of  fineness  of  cement  have 
been  carried  out  by  German  and  French  investigators.  The  principal  in¬ 
vestigations  heretofore  made  in  this  country  were  carried  out  by  the  Bureau 
of  Standards. 

In  spite  of  all  of  the  experimental  work  which  has  been  done  on  this 
subject,  it  was  found  by  the  committee  engaged  in  the  revision  of  the 
cement  specifications  that  little  or  no  definite  information  was  available 
with  reference  to  the  effect  of  fineness  of  cement  on  the  strength  of  con¬ 
crete.  Most  of  the  published  tests  refer  to  briquettes  or  other  small  mortar 
specimens.  In  general,  the  published  tests  are  inconclusive  on  account  of 
the  restricted  scope  of  the  investigations,  or  due  to  the  narrow  range  in 
finenesses  used. 

Acknowledgment. 

Acknowledgment  is  made  to  the  cement  manufacturers  who  furnished 
the  cements ;  to  the  Chicago  Gravel  Co.,  for  sand  and  pebble  aggregate ; 
to  the  Illinois  Improvement  and  Ballast  Co.,  Chicago,  for  crushed  blast¬ 
furnace  slag,  and  to  the  U.  S.  Shipping  Board,  Philadelphia,  for  burnt 
shale  aggregate  used  in  these  tests. 

Scope  of  Tests. 

Investigations  of  the  effect  of  fineness  of  cement  have  been  under 
way  at  Lewis  Institute  for  the  past  four  years.  Five  independent  series 
of  tests  have  been  completed.  Another  series  now  under  way  is  not  in¬ 
cluded  in  this  report.  The  first  series  of  tests  (No.  20)  was  carried  out 
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in  cooperation  with  the  Sub-Committee  on  Strength  of  Committee  C-l  on 
Cement  of  the  American  Society  for  Testing  Materials,  and  the  results 
are  here  presented  by  permission  of  the  committee.-  Subsequent  studies 
were  made  as  a  part  of  the  investigation  of  concrete  and  concrete  materials 
being  carried  out  through  the  cooperation  of  the  Portland  Cement  Asso¬ 
ciation  and  Lewis  Institute. 

The  cements  used  were  from  seven  commercial  mills,  representing  the 
principal  cement-producing  districts  east  of  the  Mississippi  River.  The 
samples  were  ground  at  the  mill  to  4  to  7  degrees  of  fineness  which  gave 
residues  ranging  from  2  to  43  per  cent  on  the  standard  No.  200  sieve. 
Fifty-one  different  samples  of  cement  were  used.  In  general,  the  aggre¬ 
gate  consisted  of  sand  and  pebbles;  in  one  series  blast-furnace  slag  and 
a  light-weight  aggregate  consisting  of  burnt  shale  were  used. 

These  investigations  include  the  following  tests : 


Concrete 

Compression  tests  of  6  by  12-in.  cylinders . 6125 

Cement  and  Mortar 

Compression  tests  of  2  by  4-in.  cylinders . 4935 

Tension  tests  of  briquettes . 4065 

Miscellaneous  tests  of  cement  and  aggregate .  800 

Chemical  analysis  of  cement .  100 

“Slump”  tests  for  consistency  of  concrete . 2300 

Modulus  of  elasticity  of  concrete . 3200 


Definite  information  has  been  secured  on  the  effect  of  fineness  of 
cement  under  the  following  conditions : 

(a)  Effect  of  fineness  of  cement  on  the  strength  of  concrete  (Residue 

2  to  43  per  cent  on  No.  200  sieve)  ; 

( b )  Quality  of  concrete  using  different  cements  (51  samples  from 

7  different  mills)  ; 

( c )  Effect  of  the  quantity  of  cement  used  (Mixes  from  1 :  10  to  neat 

cement)  ; 

( d )  Effect  of  consistency  of  the  concrete  (Relative  consistency  0.90 

to  2.00)  ; 

( e )  Effect  of  size  and  grading  of  the  aggregate  (No.  0-28  sand  to 

0-1^  in.  aggregate)  ; 

(/)  Variation  in  the  type  of  aggregate  (Sand  and  pebbles,  blast  fur¬ 
nace  slag  and  burnt  shale)  ; 

( 9 )  Effect  of  age  of  concrete  (7  days  to  1  year)  ; 

( h )  Elongation  and  contraction  of  concrete  (Different  mixes  and  con¬ 

sistencies  for  water  and  air  storage  up  to  4  months)  ; 

(i)  Effect  of  fineness  of  cement  on  workability  of  concrete. 

The  results  of  the  modulus  of  elasticity  tests  are  not  included  in  this 
report. 
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Outlines  of  Test  Series. 

Skeleton  outlines  of  the  tests  of  each  of  the  series  (Tables  1  to  3) 
give  the  principal  characteristics  of  the  cements  and  indicate  the  varia¬ 
tions  in  mix,  consistency,  size  and  grading  of  aggregate,  etc.  The  series 
numbers  furnish  a  convenient  method  of  reference  in  identifying  the 
tests. 


Table  1 — Outlines  of  Tests — Series  20,  31  and  60. 

Tension  tests  of  briquettes  and  compression  tests  of  2  by  4-in.  and  6  by  12-in. 
cylinders. 

Mortar  specimens  mixed  5  in  a  batch,  1  for  each  age. 

Concrete  specimens  proportioned  and  mixed  in  separate  batches. 

Mortar  specimens  stored  in  water;  tested  damp. 

Concrete  specimens  stored  in  damp  sand;  tested  damp. 

Normal  consistency  mixtures. 


Fineness  of  Cement 
Residue  on  No.  200  Sieve. 

Form  of 
Specimen. 

Mix. 

Aggregate. 

Age  at 
Test. 

Speci¬ 
mens 
in  a 
Set. 

Number 

of 

Speci¬ 

mens. 

Kind. 

Size. 

F.  M. 

Series  20. 

f 

Neat'  1 

ABODE 

|  Briquettes  j 

1:2 

Standard  sand 

No.  20-30 

2.671 

7  d. 

3900 

12.5  12.1  16.1  16.1  10.6 

2  by  4-in.  1 

1:3 

Elgin  sand 

0-No.  4 

3.00 

28  d. 

16.9  16.5  20.6  20.3  15.3 

[  Cylinders.  1. 

1:4  J 

3  mo. 

f  4 

19.9  20.4  26.5  22.3  18.9 

[ 

6  mo. 

22.9  23.0  33.3  25.6  23.7 

1  6  by  12-in.  f 

1:2:4  \ 

Elgin  sand  and 

5.60 

1  yr. 

600 

Cylinders.  \ 

1:3:5  / 

pebbles 

0-1J4 in. 

5.43J 

Series  31. 


F 

4.9 

8.7 

14.2 

17.9 

G  H 

2.2  12.0 

7.9  19.9 

12.9  23.3 

19.9  25.1 

Briquettes  f 
2  by  4-in.  \ 
Cylinders.  1, 

Neat' 

1:3 

1:13-6:3 

/Standard  sand 
/Elgin  sand 

No.  20-30 
0-No.  4 

2.671 

3.00 

7  d. 

28  d. 

2650 

24.5 

28.1 

33.4 

25.2  30.1 

29.6 

34.0 

6  by  12-in. 
Cylinders.  •{ 

1:15*3  H 
1:2:4 
1:2}4:5 
1:3:6 

Elgin  sand 
[and  pebbles 

0-1 M  in. 

5.53 

3  mo. 

6  mo. 

1  yr. 

4 

2375 

Series  60 


F 

4.9 

r 

0-No.  4 

4.441 

8.7 

0-No.  4 

4.06 

7  d. 

I 

14.2 

2  by  4-in. 

1:2.55 

Elgin  sand  by  1 

0-No.  4 

3.631 

28  d. 

17.9 

Cylinders. 

volume.  1 

0-No.  4 

3.17 

3  mo. 

5 

24.5 

0-No.  8 

3.00 

6  mo. 

28.1 

0-No.  4 

2.53J 

1  yr- 

33.4 

‘Briquettes  only 

Series  so  was  begun  in  August,  1915.  Five  different  cements  were  used,  each 
ground  to  4  different  degrees  of  fineness  varying  from  about  10  to  33  per  cent  resi¬ 
due  on  the  No.  200  sieve.  Two  concrete  mixtures  were  used  and  three  mortar  mix¬ 
tures.  Tests  were  made  at  ages  of  7  days  to  1  year. 

Series  31,  an  outgrowth  of  the  tests  in  Series  20,  was  begun  March,  1916.  It  was 
felt  that  a  sufficient  number  of  finenesses  was  not  used  in  Series  20,  consequently  in 
Series  31  two  cements  were  ground  to  7  different  degrees  of  fineness,  and  one  to  5 
degrees;  the  fineness  varied  from  about  2  to  34  per  cent  residue.  In  this  series  greater 
emphasis  was  placed  on  the  concrete  than  on  the  mortar  tests.  Five  different  con¬ 
crete  mixtures  were  used  and  two  mortar  mixtures.  Tests  were  made  for  all  condi¬ 
tions  at  ages  of  7  days  to  1  year. 
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Senes  60  (October,  1916)  was  outlined  for  the  purpose  of  determining  the  effect 
of  fineness  of  cement  on  the  strength  of  mortars  made  of  sands  of  different  grading. 
Six  different  gradings  were  made  up  using  sand  from  Elgin,  Ill.,  each  graded  to  No.  4 
sieve.  Compression  tests  were  made  on  2  by  4-in.  cylinders  using  Cement  F  from 
Series  31,  ground  to  7  different  degrees  of  fineness. 


Table  2— Outline  of  Tests — Series  118. 


Compression  tests  of  6  by  12-in.  concrete  cylinders.  Hand-mixed  concrete. 
Concrete  for  each  cylinder  proportioned  and  mixed  in  a  separate  batch. 

Plasticity  determined  by  the  “slump”  method. 

Five  tests  in  a  set  made  on  different  days. 

Stored  in  damp  sand;  tested  at  28  days. 

Cement  1-1,  same  as  that  used  in  concrete  ship  “Atlantus.” 

Cement  1-2,  standard  mill  product  purchased  from  local  contractor,  Brunswick,  Ga. 
Cements  K  and  L,  different  brands  ground  to  5  degrees  of  fineness. 


Ref. 

No. 

Cement. 

Mix 

by 

Volume. 

Relative 

Consist¬ 

ency. 

Aggregate. 

Number 

of 

Tests. 

Fineness,  Residue 
on  No.  200  Sieve.1 

Normal 

Consistency. 

Kind. 

Grading. 

0.90 

1.00 

1.05 

Shale,  slag,  sand  and 

' 

1-1.... 

8.9 

.  23.5 

1.10 

celite  ( Same  asireaale 

1-2... . 

13.9 

22.8 

1.15 

and  proportions  as  in 

0-^8  in. 

48 

1.20 

concrete  ship  “Atlan- 

1.25 

tus.”) 

1.50 

0.95 

1.00 

K-l... 

2.4 

25  0 

1.05 

K-2. . . 

9.4 

23.4 

1.10 

K-3. . . 

17.7 

23.0 

1:4 

1.15 

[Elgin  sand  and  pebbles. 

0-H  n. 

225 

K-4... 

27.9 

22.8 

1.20 

K-5... 

36.2 

22.2 

J 

1.25 

1.50 

2.00 

K-l... 

2.4 

25.0 

K-2... 

9.4 

23.4 

0.95 

K-3... 

17.7 

23.0 

1.00 

K-4... 

27.9 

22.8 

1.05 

Crushed  blast  -  furnace 

K-5 . . . 

36.2 

22.2 

1.10 

slag,  sand  and  celite. 

1:1M 

1.15 

(Grading  of  aggregate 

O-ihjj  in. 

360 

L-l . . . 

7.1 

23.4 

1.20 

and  mix,  same  as  in 

L-2 . . . 

16.3 

22.9 

1.25 

concrete  ship  “Atlan- 

L-3 . . . 

28.9 

21.8 

1.50 

tus.”) 

L-4. . . 

32.3  • 

21.4 

2.00 

L-5. . . 

43.3 

20.0 

'Values  for  Cement  K  are  the  average  of  15  to  18  tests ;  Cement  L,  5  to  7  tests,  and  for  Cement  I,  3  tests 
In  these  tests  3  to  5  different  standard  sieves  were  used. 


Series  118  (November,  1918)  was  carried  out  primarily  for  the  purpose  of  studying 
the  effect  of  fineness  of  cement  using  concretes  of  rich  mixtures  and  different  con¬ 
sistencies.  Two  of  the  cements  were  ground  to  5  degrees  of  fineness.  For  the  third 
cement  (I)  only  2  degrees  of  fineness  were  available.  Cements  I  differed  from  the 
others  in  that  they  were  not  prepared  from  the  same  lot  of  clinker.  Cement  1-1  was 
used  in  the  reinforced  concrete  ship  “Atlantus”  constructed  at  Brunswick,  Ga.  The 
samples  were  furnished  by  the  U.  S.  Shipping  Board  for  use  in  these  tests.  1-2  was 
the  commercial  product  of  the  same  brand,  purchased  from  a  contractor  in  Brunswick. 
In  this  series  the  aggregate  was  of  small  size,  the  purpose  being  to  use  the  same  mix¬ 
ture  and  aggregate  of  the  size  employed  in  reinforced  concrete  ship  construction. 
The  burnt  shale  aggregates  were  the  same  as  that  used  in  the  ship  “Atlantus.”  The 
coarse  aggregate  in  this  case  consisted  of  burnt  shale  which,  after  crushing,  was 
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graded  in  size  up  to  about  in.  Small  quantities  of  “celite”  *  and  fine  sand  were 
also  used  in  the  mixture.  In  another  group  in  this  series  the  mixtures  and  grading 
of  aggregate  were  the  same  as  those  described  above,  except  that  blast-furnace  slag 
was  substituted  for  burnt  shale.  In  the  third  group  a  1:4  mix  was  used  with  sand 
and  pebbles  from  Elgin,  Ill.  All  tests  were  made  at  the  age  of  28  days. 


Table  3 — Outline  of  Tests — Series  120. 

Compression  tests  of  6  by  12-in.  concrete  cylinders.  Hand-mixed  concrete. 
Concrete  for  each  cylinder  proportioned  and  mixed  in  a  separate  batch. 

Cements  ground  at  the  mill  to  S  different  degrees  of  fineness. 

Aggregate,  sand  and  pebbles  from  the  Elgin,  Ill.,  pit  of  the  Chicago  Gravel  Co. 
Plasticity  measured  by  the  “slump”  method. 

Stored  in  damp  sand;  tested  damp. 

Cylinders  in  a  set  mixed  on  different  days. 


Ref. 

No. 

Cement. 

Fineness,  Residue 
on  No.  200  Sieve.1 * * * 

Normal 

Consist¬ 

ency. 

K-l . . . 

2.4 

25.0 

K-2. . . 

9.4 

23.4 

K-3... 

17.7 

23.0 

K-4. . . 

27.9 

22.8 

K-5... 

36.2 

22.2 

K-l... 

2.4 

25.0 

K-2... 

9.4 

23.4 

K-3... 

17  7 

23.0 

K-4... 

27.9 

22.8 

K-5... 

36.2 

22.2 

K-l... 

2.4 

25.0 

K-2... 

9.4 

23.4 

K-3... 

17.7 

23.0 

K-4... 

27.9 

22.8 

K-5... 

36.2- 

22.2 

K-l... 

2.4 

25.0 

K-2... 

9.4 

23.4 

K-3... 

17.7 

23.0 

K-4... 

27.9 

22.8 

K-5... 

36.2 

22.2 

L-l . . 

7.1 

23.4 

L-2 . . . 

16.3 

22.9 

L-3. . . 

28.9 

21.8 

L-4. . . 

32.3 

21.4 

L-5... 

43.3 

20.0 

Mix 

by 

Volume. 


Size  of 
Aggregate. 


1:10 

1:7 

1:5 

1:4 

1:3 

1:2 


1:4 


1:10 

1:7 

1:5 

1:4 

1:3 

1:2 


■0-1^  in. 


0-1)4  in. 


0-No.  28 
0-No  14 
0-No.  8 
0-No.  4 
0-  Vs  in. 

0-H  “ 

o-iy2  “ 

0-No.  28 
0-No.  14 
0-No  8 
0-No.  4 
0-  %  in. 
0-  K  “ 
0-1 34 


0-1)4  in. 


Relative 

Consist¬ 

ency. 

Age  at 
Test. 

.Cyl¬ 
inders 
in  Set. 

Total 

Cyl¬ 

inders. 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

28  d. 

6° 

1080 

0  90 
1.00 
1.10 
1.25 
1.50 
2.00 

w 

>3  mo. 
i  yr 

5 

450 

1.10 

(7  d. 

J  28  d. 

13  mo. 

U  y- 

l5 

700 

1.10 

Elongation 

and 

Contraction 
tests  only. 

1 

35 

f  0.90 

1  1.00 
1.10 
1.25 

1  1.50 

(  2.00 

j 28  d. 

3 

540 

1  Values  for  Cement  K  are  the  average  of  15  to  18  tests;  for  Cement  L,  5  to  7  tests.  In  these  tests  3  to  5 
different  standard  sieves  were  used. 

a  One  round  reserved  for  measurements  of  elongation  and  contraction. 


Series  izo  (begun  December,  1918)  was  carried  out  with  2  cements,  each  ground 

at  the  mill  to  5  finenesses  varying  from  2  to  43  per  cent  residue.  The  principal 
feature  of  the  tests  was  a  study  of  the  effect  of  fineness  for  a  wide  range  of  mixtures, 
consistencies,  size  and  grading  of  aggregates,  and  age  of  concrete.  In  two  groups  of 
tests  measurements  of  elongation  and  contraction  were  made  on  6  by  12-in.  cylinders 
stored  in  damp  sand,  air  and  water. 

*A  siliceous  material  commonly  known  as  kieselguhr,  supposedly  of  diatomaceous 
origin. 
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Table  4 — Miscellaneous  Tests  of  Cements. 


Series 

Cement 

Ref. 

No. 

Fineness, 
Residue  on 
Sieve  No. 

Per 

Cent 

Flour.1 

Weight, 
lb.  per 
cu.  ft. 

Normal 
Consist¬ 
ency, 
per  cent 
by 

Weight. 

Time  o; 

Vicat  Needle. 

Setting. 

Gillmore  Needle. 

Soundness 
Test  (Over 
boiling 
water). 

100 

200 

Initial, 
h  m 

Final, 
h  m 

Initial, 
h  m 

Final, 
h  m 

20 

A-l 

1.7 

12.5 

35.5 

23.0 

1-15 

5-00 

3-00 

6-00 

OK 

20 

A-2 

2.8 

16.9 

32.6 

23.0 

2-15 

6-00 

3-00 

6-30 

20 

A-3 

3.6 

19.9 

30.3 

22.5 

2-30 

7-00 

4-00 

7-30 

U 

20 

A-4 

4.3 

22.9 

29.3 

22.0 

2-15 

7-30 

3-45 

7-30 

“ 

20 

B-l 

1.5 

12.1 

37.4 

23.0 

1-15 

4-00 

2-50 

4-45 

« 

20 

B-2 

2.2 

16.5 

33.8 

23.0 

1-15 

4-00 

3-00 

5-00 

20 

B-3 

3.5 

20.4 

32.3 

23.0 

1-45 

4-45 

3-15 

6-00 

U 

20 

B-4 

4.5 

23.0 

30.4 

23.0 

1-45 

5-00 

3-15 

6-00 

“ 

20 

C-l 

2.8 

16.1 

30.5 

21.0 

2-15 

6-00 

3-00 

6-00 

20 

C-2 

4.7 

20.6 

31.1 

20.0 

1-45 

5-00 

2-50 

5-00 

20 

C-3 

9.3 

26.5 

29.1 

19.5 

1-50 

5-00 

3-00 

5-00 

“ 

20 

C-4 

13.3 

33.3 

19.0 

2-35 

6-00 

3-00 

6-00 

20 

D-l 

1.8 

16.1 

33.9 

22.5 

4-30 

8-45 

5-30 

8-45 

« 

20 

D-2 

2.4 

20.3 

29.1 

22.0 

4-45 

8-45 

5-45 

8-45 

U 

20 

D-3 

4.1 

22.3 

30.9 

21.5 

4-00 

8-45 

5-00 

8-45 

* 

20 

D-4 

5.0 

25.6 

27.8 

21.0 

4-00 

8-45 

5-00 

8-45 

20 

E-l 

1.2 

10.6 

37.3 

24.5 

3-30 

6-30 

4-45 

8-45 

20 

E-2 

1.8 

15.3 

33.8 

24.0 

3-00 

6-30 

4-45 

8-45 

20 

E-3 

2.9 

18.9 

31.3 

23.5 

3-00 

6-40 

4-30 

8-30 

“ 

20 

E-4 

4.9 

23.7 

30.1 

23.0 

3-00 

6-30 

4-15 

8-20 

31 

F-l 

1.4 

4.9 

29.0 

0-  5 

3-45 

2-30 

6-30 

“ 

31 

F-2 

1.3 

8.7 

28.0 

0-  7 

4-15 

2-45 

6-30 

31 

F-3 

1.7 

14.2 

27.0 

0-20 

6-20 

3-30 

7-15 

31 

F-4 

2.7 

17.9 

26.0 

0-17 

7-00 

4-30 

8-00 

31 

F-5 

5.2 

24.5 

25.0 

0-15 

6-30 

4-30 

8-00 

“ 

31 

F-6 

7.5 

28.1 

24.5 

0-15 

6-30 

4-15 

8-00 

“ 

31 

F-7 

11.6 

33.4 

24.0 

2-00 

7-15 

4-30 

7-45 

31 

G-l 

0.8 

2.2 

29.0 

0-25 

3-45 

2-15 

4-30 

“ 

31 

G-2 

0.9 

7.9 

26.0 

2-45 

4-00 

4-00 

5-30 

U 

31 

G-3 

1.2 

12.9 

25.0 

4-00 

7-15 

4-30 

7-45 

“ 

31 

G-4 

2.7 

19.9 

25.0 

0-50 

9-00 

6-00 

9-45 

U 

31 

G-5 

5.8 

25.2 

24.5 

4-30 

8-45 

6-00 

9-00 

“ 

31 

G-6 

6.8 

29.6 

24  5 

5—15 

9-30 

6-30 

9-30 

“ 

31 

G-7 

11.0 

34.0 

24.0 

4-15 

9-45 

5-20 

9-45 

“ 

31 

H-l 

1.9 

12.0 

23.0 

1-40 

5-00 

3-00 

6-15 

“ 

31 

H-2 

3.3 

19.9 

23.0 

2-10 

5-45 

3-45 

7-15 

U 

31 

H-3 

4.7 

23.3 

21.5 

1-45 

5-45 

3-10 

6-15 

U 

31 

H-4 

5.9 

25.1 

22.0 

2-45 

6-15 

3-45 

7-00 

“ 

31 

H-5 

10.9 

30.1 

22.0 

3-10 

7-00 

4-15 

7-30 

“ 

60 

F-l 

1.4 

4.9 

26.0 

1-25 

4-35 

3-20 

5-25 

60 

F-2 

1.3 

8.7 

26.0 

1-20 

5-20 

2-55 

5-45 

“ 

60 

F-3 

1.7 

14.2 

24.5 

2-20 

6-15 

4-00 

7-40 

“ 

60 

F-4 

2.7 

17.9 

24.0 

1-10 

8-15 

3-40 

10-30 

“ 

60 

F-5 

5.2 

24.5 

23.0 

2-40 

7-05 

4-05 

8-20 

“ 

60 

F-6 

7.5 

28.1 

22  0 

1-10 

8-50 

3—40 

10-30 

u 

60 

F-7 

11.6 

33.4 

22.0 

2-55 

6-55 

4-35 

8-25 

“ 

1-1 

8.9 

90 

23.5 

5-45 

11-20 

6-25 

12-00 

“ 

1-2 

13.9 

95 

22.8 

6-20 

12-00 

7-40 

13-05 

“ 

K-l 

2.4 

76 

25.1 

0-30 

4-45 

4-30 

6-45 

“ 

o 

K-2 

9.4 

84 

23.4 

3-50 

6-50 

5-20 

11-05 

“ 

rH 

K-3 

17.7 

91 

23.0 

5-00 

11-45 

5-55 

13-15 

W 

T3 

K-4 

27.9 

100 

22.8 

6-15 

12-25 

7-25 

13-30 

C3  “ 

K-5 

36.2 

104 

22.2 

5-55 

13-15 

6-40 

14-10 

“ 

2h 

L-l 

7.1 

82 

23.4 

4-25 

12-20 

6-45 

14-10 

I.-2 

16.3 

91 

22.9 

4-50 

12-45 

7-00 

13-50 

L-3 

28.9 

99 

21.8 

5-55 

13-10 

6-45 

14-20 

U 

L-4 

32.3 

104 

21.4 

5-20 

14-20 

6-55 

15-00 

“ 

L-5 

43.3 

108 

20.0 

6-30 

14-45 

7-10 

15-10 

U 

1  Tests  made  by  the  Bureau  of  Standards  in  accordance  with  the  methods  described  in  Technologic  Pape  r 
No.  48  “An  Air  Analyzer  for  Determining  the  Fineness  of  Cement.”  See  Table  5  for  results  of  air  analyzer 
tests  made  in  this  Laboratory. 
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Materials. 

The  cements  used  represented  the  product  of  7  commercial  mills.  The 
samples  of  a  given  cement  (except  Cements  I)  were  ground  from  the 
same  clinker  to  the  different  degrees  of  fineness  shown  in  the  tables. 
The  finenesses  used  gave  an  extreme  variation  of  2  to  43  per  cent  residue 
on  the  No.  200  sieve.  Each  lot  of  cement  is  referred  to  by  a  letter,  samples 
of  different  fineness  being  designated  by  an  attached  figure.  The  figure  1 
following  the  letter  designates  the  finest  cement ;  the  other  finenesses  follow 
in  order.  Miscellaneous  tests  of  the  cements  are  given  in  Tables  4  and  5. 
Table  6  gives  chemical  analysis  of  the  cements.  Strength  tests  of  the 
cements  are  included  in  the  tables  accompanying  each  series. 


Table  5 — Mechanical  Analyses  of  Cements — Series  118-120. 


Analysis  of  material  finer  than  No.  200  sieve  made  in  air  analyzer  (see  Fig.  3). 


Amount  Coarser  than  Each  Size,  per  cent  by  Weight. 


Cement 

Lot  No. 

Air  Analyzer  No. 

Sieve  No. 

D 

(0.00035)1 

C 

(0.00075) 

B 

(0.00130) 

A 

(0.00181) 

200 

(0.0038) 

100 

(0.0060) 

48 

(0.0137) 

K-l . 

73.7 

44.0 

22.4 

14.0 

2.4 

0.6 

0 

K-2 . 

74.7 

58.9 

38.5 

28.9 

9.4 

0.5 

0 

K-3 . 

79.3 

65.5 

46.5 

38.4 

17.7 

2.0 

0 

K-4 . 

82  5 

70.8 

55.0 

47.6 

27.9 

7.6 

0.4 

K-5 . 

86.3 

75.6 

60.7 

54.8 

36.2 

15.2 

1.5 

L-l . 

68.7 

51.1 

34.2 

25.5 

7.1 

0 

0 

L-2 . 

75.5 

60.5 

42.8 

34.2 

16.3 

0.9 

0 

L-3 . 

84.2 

72.1 

56.0 

49.8 

28.9 

12.1 

3.2 

L-4 . 

85.2 

74.3 

58.7 

52.0 

32.3 

13.8 

4.4 

L-5 . 

86.8 

76.5 

63.3 

58.2 

43.3 

26.1 

12  4 

Reparation  size  in  inches.  The  separation  size  is  the  diameter  of  the  sphere  having  a  volume  equal  to 
the  volume  of  the  last  particles  passing  the  sieve  or  discharged  by  the  air  analyzer.  Separation  size 
=  yjLXMXS,  where  L,  M  and  S  are  the  three  dimensions  of  the  particles.  These  dimensions  were  determined 
by  microscopic  measurements  on  a  large  number  of  particles.  In  making  these  measurements  we  followed  the 
methods  developed  by  the  Bureau  of  Standards  as  described  in  their  Technologic  Paper  No.  48.  Due  to 
the  elongated  shape  of  the  last  particles  passing  the  sieves  the  separation  size  is  larger  than  the  clear  opening 
of  sieve;  for  oxamplo,  the  clear  opening  of  the  standard  No.  200  sieve  is  0.0029  in. 


Sand  and  pebbles  from  a  pit  of  the  Chicago  Gravel  Co.,  near  Elgin, 
Ill.,  were  used  as  aggregate  in  most  of  the  tests.  In  Series  118  three 
different  aggregates  were  used;  burnt  shale  manufactured  for  the  U.  S. 
Shipping  Board,  mixed  with  small  quantities  of  celite  and  fine  sand  from 
Brunswick,  Ga. ;  aggregates  consisting  of  Elgin  sand  and  crushed  blast¬ 
furnace  slag  up  to  94  in.,  and  Elgin  sand  and  pebbles.  General  informa¬ 
tion  concerning  aggregates  will  be  found  in  Table  7.  In  cases  where  dif¬ 
ferent  sizes  of  Elgin  sand  were  used,  the  material  was  obtained  by  screen¬ 
ing  out  the  coarser  sizes  from  the  commercial  product.  The  pebbles  were 
screened  to  3  sizes  (No.  4  to  94  in. ;  94  in-  to  94  in.  and  94  to  \l/2  in.) 
and  recombined  for  each  batch  to  the  sieve  analysis  shown. 
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Table  6 — Chemical  Analysis  of  Cements. 


Cement 
Ref.  No. 

Si02 

AI2O3 

Fe2  O3 

CaO 

MgO 

SO3 

C02 

Insoluble 

Residue. 

Loss  on 
Ignition. 

Series  20. 

A-l . 

21.12 

7.20 

1.88 

63.41 

2.03 

1.53 

0.75 

0.30 

2.34 

A-2 . 

21  .32 

7.34 

1.85 

63.45 

1.93 

1.45 

0.38 

0.25 

2.15 

A-3 . 

21.32 

7.30 

1.85 

63.73 

1.95 

1.33 

0.30 

0.18 

1.83 

A -4 

21  38 

7  31 

1.85 

63.30 

1  92 

1.47 

0.31 

0.18 

2.09 

B-l . 

19.58 

7.31 

2.75 

63.38 

1.54 

1.43 

0.95 

0.20 

3.92 

B-2 . 

19.72 

7.33 

2.75 

63.80 

1.67 

1.37 

0.73 

0.20 

3.24 

B-3 . 

19.94 

7.29 

2.85 

63.24 

1.68 

1.35 

0.98 

0.20 

3.52 

B-4 . 

19.74 

7.51 

2.70 

64.08 

1.59 

1.30 

0.73 

0.17 

2.99 

C-l . 

22.04 

5.41 

2.10 

63.10 

2.88 

1.85 

0.71 

0.15 

2.10 

C-2 . 

22.30 

5.35 

2.03 

63.10 

2.99 

1.55 

0.58 

0.30 

2.03 

C-3 . 

22.08 

5.52 

2.20 

63.03 

2.92 

1.65 

0.60 

0.30 

2.20 

C-4 . 

22.04 

5.85 

2.01 

62.96 

2.95 

1.64 

0.69 

0.22 

2.01 

1)1 . 

21.60 

6.76 

2.80 

62.45 

1.90 

1.26 

0.98 

0.19 

2.43 

D-2 . 

21.64 

6.81 

2.95 

62.72 

1.76 

1.82 

0.37 

0.25 

1.90 

D-3 . 

21.76 

7.04 

2.90 

62.52 

1.79 

1.63 

0.40 

0.19 

1.96 

D-4 . 

21.94 

6.44 

2.80 

63.01 

1.95 

1.32 

0.34 

0.25 

1.55 

E-l . 

19.76 

8.15 

3.75 

63.12 

1.02 

2.03 

0.42 

0.45 

1.48 

E-2 . 

19.76 

8.03 

3.75 

63.33 

1.04 

1.96 

0.32 

0.41 

1.55 

E-3 . 

19.54 

7.97 

3.75 

63.82 

1.09 

1.89 

0.45 

0.37 

1.60 

E-4 . 

19.56 

8.11 

3.75 

63.40 

1.09 

2.01 

0.42 

0.32 

1.46 

Series  31  and  60. 


F-l . 

19.24 

7.78 

3.16 

63.62 

1.20 

1.72 

2.65 

F-2 . 

19.10 

7.84 

3.08 

63.71 

1.24 

1.67 

2.53 

F-3 . 

19.10 

7.78 

3.12 

63.76 

1.20 

1.70 

2.50 

F-4 . 

19.10 

7.94 

3.04 

63.76 

1.23 

1.93 

2.20 

F-5 . 

19.10 

7.78 

3.12 

63.97 

1.19 

1.85 

2.43 

F-6 . 

19.08 

7.78 

3.12 

63.97 

1.26 

1.70 

2.45 

F-7 . 

19.14 

7.61 

3.04 

64.09 

1.49 

1.75 

2.27 

G-l . 

20.36 

7.15 

1.85 

63.45 

2.03 

1.51 

3.02 

G-2 . 

21.14 

7.36 

1.80 

64.16 

2.08 

1.29 

1.60 

G-3 . 

20.98 

7.40 

1.80 

64.01 

1.93 

1.50 

1.65 

G-4 . 

20.52 

7.30 

1.90 

64.01 

2.03 

1.56 

2.05 

G-5 . 

20.94 

7.25 

1.85 

64.08 

1.97 

1.37 

1.86 

G-6 . 

20.94 

7.39 

1.75 

64.16 

1.98 

1.56 

1.70 

G-7 . 

21.10 

7.35 

1.75 

64.08 

1.95 

1.46 

1.75 

H-l . 

22.13 

6.65 

2.70 

61.56 

2.42 

1.93 

2.39 

H-2 . 

20.95 

6.27 

2.60 

60.35 

2.37 

3.77 

3.15 

H-3 . 

21.67 

6.79 

2.70 

61.27 

2.50 

2.20 

2.50 

H-4 . 

21.71 

6.83 

2.70 

61.42 

2.44 

2.40 

2.55 

H-5 . 

21.81 

6.77 

2.70 

61.13 

2.51 

2.63 

2.62 

Series  118  and  120. 


1-1 . 

21.05 

10.97 

62.56 

1.20 

1.42 

1.04 

0.66 

2.84 

[-2 . 

22.23 

10.33 

62.64 

0.85 

1.43 

1.40 

0.61 

3.30 

K-l . 

19.95 

10.11 

62.07 

2.21 

1.93 

0.82 

0.80 

3.14 

K-2 . 

19.71 

10.52 

63.37 

2.40 

1.99 

0.71 

0.23 

1.92 

K-3 . 

19.80 

11.35 

62.45 

2.31 

2.03 

1.15 

0.35 

2.34 

K-4 . 

20.78 

11.41 

61.83 

2.28 

2.07 

3.51 

0.48 

1.92 

K-5 . 

20.03 

8.19 

64.92 

1.86 

2.09 

0.42 

0.84 

2.14 

L-l . 

22.24 

9.04 

62.61 

2.05 

1.90 

0.67 

0.94 

2.14 

L-2 . 

21.63 

9.31 

62.95 

1.58 

1.90 

0.83 

0.10 

2.41 

L-3 . 

22.45 

8.92 

63.16 

2.00 

1.93 

0.75 

0.50 

2.05 

L-4 . 

22.27 

9.34 

63.16 

1.70 

1.90 

0.89 

0.80 

2.29 

L-5 . 

22.11 

9.46 

62.26 

2.06 

1.95 

0.96 

0.53 

3.00 

Note. — Analysis  of  Cements  B  were  made  after  6  months  storage  in  laboratory;  CO2  and  loss  on  ignition 
are  high  on  this  account. 
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Table  7 — Miscellaneous  Tests  of  Aggregates. 


Elgin  sand . 

Elgin  pebbles . 

0-No.  4 
No.  4-1)4  in. 

108 

102 

0.646 

0.612 

98 

100 

90 

100 

68 

100 

47 

100 

24 

100 

0 

98 

70 

7 

0 

3.27 

6.75 

Elgin  sand  and  pebbles 
(1:2:4  mix) . 

0-1)4  * 

99 

97 

90 

82 

75 

65 

47 

5 

0 

5.60 

Elgin  sand  and  pebbles 
(1:3:5  mix) . 

0-1)4  * 

99 

96 

88 

80 

72 

61 

43 

4 

0 

5.43 

Series  31. 


Elgin  sand . 

Elgin  pebbles . 

0-No.  4 
No.  4-1)4  in. 

106 

104 

0.636 

0.623 

99 

100 

90 

100 

61 

100 

35 

100 

16 

100 

0 

100 

60 

20 

0 

3.01 

6.80 

Elgin  sand  and  pebbles. . . . 

0-1)4  “ 

99 

97 

87 

78 

72 

67 

40 

13 

0 

5.53 

Series  60. 


Elgin  sand  N-14 . 

0-No.  4 

109 

0.652 

100 

98 

95 

86 

65 

0 

4.44 

“  *  N-10 . 

0-No.  4 

112 

0.670 

99 

94 

88 

75 

50 

0 

4.06 

“  “  N-7 . 

0-No.  4 

116 

0.694 

99 

86 

77 

63 

38 

0 

3.63 

“  N-5 . 

0-No.  4 

119 

0.713 

97 

75 

65 

50 

30 

0 

3.17 

“  N-S . 

0-No.  8 

107 

0.640 

100 

100 

67 

33 

0 

3.00 

“  “  N-3 . 

0-No.  4 

116 

0.698 

96 

57 

47 

35 

18 

0 

2.53 

Series  118. 


Brunswick  sand . 

0-No.  14* 

96 

0.577 

99 

79 

11 

0 

1.89 

Burnt  shale  slag . 

0-54  in. 

77 

0.610 

79 

70 

58 

43 

22 

1 

0 

2.73 

Burnt  shale  slag . 

No.  8-54  “ 

53 

0.522 

100 

100 

100 

100 

100 

85 

11 

0 

5.96 

Celite . 

12 

0.100 

Mix  of  sand  and  shale  slag2 

0-54  in. 

73 

0.618 

92 

86 

74 

67 

59 

38 

5 

0 

4.70 

0-No.  14* 

109 

0  655 

89 

50 

13 

5 

1 

0 

1.58 

Elgin  sand . 

0-No.  4 

115 

0.688 

99 

93 

58 

37 

20 

2 

0 

3.10 

Elgin  pebbles . 

No.  4-54  in. 

105 

0.629 

100 

100 

100 

100 

100 

100 

67 

6 

6.67 

Elgin  pebbles . 

No.  4-54  “ 

105 

0.629 

100 

100 

100 

100 

100 

100 

0 

6.00 

Slag . 

0-No  4 

100 

0  666 

94 

89 

80 

63 

40 

o 

3  66 

Slag . 

No.  4-54  in. 

90 

0.599 

100 

100 

100 

100 

100 

100 

0 

6.00 

Mix  of  sand  and  shale  slag2 

0-  54  “ 

108 

0.721 

96 

92 

85 

78 

67 

51 

0 

4.70 

Elgin  sand  and  pebbles. . . . 

0-54  “ 

121 

0.725 

98 

95 

72 

57 

45 

33 

0 

4.00 

Elgin  sand  and  pebbles. . . . 

0-54  “ 

127 

0.762 

99 

97 

80 

71 

63 

54 

36 

0 

5.00 

Series  120. 


Elgin  sand . 

0-No.  28* 

105 

0.629 

90 

50 

0 

0-No.  14* 

107 

0.641 

96 

87 

31 

o 

U  U 

0-No.  8 

109 

0.653 

99 

89 

45 

17 

6 

u  a 

115 

0  688 

99 

91 

59 

36 

20 

o 

“  “  and  pebbles. . . . 

0-54  in. 

119 

0.712 

99 

94 

72 

56 

46 

32 

0 

“  a  a  u 

0-54  * 

126 

0.754 

99 

96 

81 

71 

63 

54 

36 

6 

0 — 1/^  in. 

128 

0.767 

99 

98 

87 

81 

75 

68 

50 

17 

6 

‘(Note  added  to  Revised  Edition,  November,  1922.)  The  No.  48,  28,  and  14-mesh  sieves  giye  the  same 
separation  as  the  No.  50,  30,  and  16  now  used  in  the  “Tentative  Method  of  Test  for  Sieve  Analysis  of  Aggre¬ 
gates  for  Concrete”  of  the  American  Society  for  Testing  Materials.  The  No.  50,  30  and  16  sieves  are  now 
used  in  all  our  tests. 

1  The  sum  of  percentages  in  the  Sieve  Analysis,  divided  by  100. 

2  Made  up  of  0.15  volumes  of  fine  sand,  0.65  volumes  of  fine  slag  and  1.2  volumes  of  medium  slag. 
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Fig.  1 — Apparatus  Used  in  “Slump”  Test  of  Workability  of 
Concrete. 

(Note  added  to  Revised  Edition,  November,  1922.)  Present 
practice  in  making  the  slump  test  for  consistency  or  workability 
of  concrete  requires  the  use  of  a  4  by  8  by  12-in.  truncated  cone. 

For  concrete  of  a  given  consistency  the  cone  gives  slumps  about 
2/3  that  of  the  cylinder.  The  truncated  cone  is  specified  in  the 
Progress  Report  of  the  Joint  Committee  on  Standard  Specifica¬ 
tions  for  Concrete  and  Reinforced  Concrete  and  is  used  in  the 
Tentative  Specifications  for  Workability  of  Concrete  for  Concrete 
Pavements  of  the  American  Society  for  Testing  Materials. 


Fig.  2 — Sketch  Showing  Appearance  of  Concrete  after  “Slump"  Tests. 

The  slump  is  measured  on  the  vertical  scale  of  inches.  The 
sketch  was  made  from  a  photograph  of  the  concrete  specimens 
after  slump  tests  of  6  by  12-in.  cylinders,  using  a  1:2^  mix, 
with  sand  and  pebble  aggregate  graded  to  in.  The  figures 
under  the  specimens  refer  to  the  relative  consistency  of  the 
concrete. 


mimiiii 
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The  “fineness  modulus”  of  an  aggregate  is  used  as  a  measure  of  is 
size  and  grading.  It  is  the  sum  of  the  percentages  in  the  sieve  analyss 
divided  by  100.  The  sieve  analysis  is  expressed  in  terms  of  weight  <r 
separate  volumes  coarser  than  each  sieve.  The  sizes  of  sieves  and  fint- 


Fig.  3 — Air  Analyzer  for  Mechanical  Analysis  of  Cement. 

For  details  of  tests  see  Table  5. 

ness  modulus  of  the  aggregates  used  in  these  tests  are  shown  in  Table  7. 
Low  values  of  fineness  modulus  (abbreviated  to  F.  M.  in  the  tables) 
correspond  to  small  sizes  and  high  values  to  the  coarse  sizes  of  aggregate.* 


*  For  further  details  on  fineness  modulus  of  aggregates  see  the  writer’s  report  on 
“Design  of  Concrete  Mixtures,”  Bulletin  i.  Structural  Materials  Research  Laboratory. 
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Test  Pieces. 

The  kind  and  numbers  of  test  pieces  used  in  each  series  are  indicated 
in  the  outlines  of  the  series,  Tables  1  to  3.  Specimens  for  compression 
tests  of  concrete  consisted  of  6  by  12-in.  cylinders.  Over  6100  specimens 
of  this  kind  were  tested.  The  concrete  for  each  cylinder  was  proportioned 
separately  and  mixed  by  hand  with  a  bricklayer’s  trowel  in  a  shallow 
metal  pan.  Each  batch  consisted  of  about  %  cu.  ft.  of  concrete.  The 
forms  consisted  of  12-in.  lengths  of  cold-drawn  steel  tubing  split  along 
one  element.  Each  form  stood  on  a  machined  cast-iron  base  plate.  The 
specimens  were  molded  by  hand  by  placing  the  fresh  concrete  in  the  form 
in  4-in.  layers  and  puddling  with  about  25  strokes  of  a  %-in.  round  steel  bar 


Fig.  4 — Apparatus  for  Measuring  Elongation  and  Contraction  of 
6  by  12-in.  Cylinders. 

pointed  at  the  lower  end.  A  smooth  top  was  formed  by  means  of  a  neat 
cement  cap  placed  on  the  cylinder  from  2  to  4  hours  after  molding.  The 
cement  paste  for  capping  was  mixed  at  the  same  time,  or  prior  to  the 
mixing  of  the  concrete.  About  24  hours  after  molding,  the  metal  form 
was  removed  and  the  specimen  weighed,  marked  and  stored  in  damp  sand 
until  the  date  of  test. 

The  mixtures  in  Series  20  and  31  are  expressed  in  terms  of  the  volume 
of  cement,  fine  aggregate  and  coarse  aggregate — for  instance  1 :2 :4 — 
indicating  a  mixture  in  the  proportions  of  1  sack  of  cement  (1  cu.  ft.  =  94 
lb.),  2  cu.  ft.  of  sand  and  4  cu.  ft.  of  coarse  aggregate.  The  actual  quan¬ 
tities  for  a  batch  were  determined  by  weight,  on  the  basis  of  the  unit 
weights  of  the  materials.  In  Series  118  and  120  the  mixtures  are  ex¬ 
pressed  as  one  volume  of  cement  to  a  given  number  of  volumes  of  aggre¬ 
gate,  regardless  of  the  size  and  grading  of  the  latter.  A  1:5  mix  ex- 


Table  8 — Tension  Tests  of  Briquettes — Series  20. 
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(Continued  on  page  17) 


lb.  per  sq.  in. 


(Continued  on  page  19) 


Cement.  Compressive  Strength,  lb.  per  sq.  in. 


20 


Structural  Materials  Research  Laboratory 


pressed  in  this  manner  is  about  the  same  as  the  usual  1 :2 :4 ;  the  exact 
equivalent  of  the  latter  will  vary  with  the  size  and  grading  of  the  aggre¬ 
gate.  This  is  the  best  method  of  expressing  concrete  mixtures.  For  ordi¬ 
nary  mixtures  the  quantity  of  finished  concrete  is  nearly  equal  to  the 
volume  of  mixed  aggregate.  Wide  variations  are  found  if  we  attempt  to 
compute  yield  of  concrete  in  any  other  way,  due  to  differences  in  total 
volume  produced  by  mixing  fine  and  coarse  aggregates  of  widely  different 
size  and  grading. 


Table  10 — Compression  Tests  of  6  by  12-in.  Cylinders — Series  20. 

Sand  and  pebble  aggregate  from  Elgin,  Ill.,  graded  0-1 54  in. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  4  tests  made  on  different  days. 

All  strength  values  are  given  in  pounds  per  square  inch. 


Ce 

Ref.  No. 

ment. 

Fineness, 
Residue  on 

No.  200  Sieve. 

1:2:4  Concrete. 

1:3:5  Concrete. 

7  d. 

28  d. 

3  mo. 

6  mo. 

1  yr. 

7  d. 

28  d. 

3  mo. 

6  mo. 

1  yr. 

A-l 

12.5 

1690 

3050 

4100 

4310 

5110 

1100 

1820 

2800 

3140 

3620 

A-2 

16.9 

1560 

2530 

3720 

4080 

4450 

920 

1570 

2420 

2870 

3090 

A-3 

19.9 

1310 

2310 

3710 

3880 

4410 

740 

1390 

2300 

2460 

3260 

A-4 

22.9 

1260 

2370 

3410 

4180 

4340 

810 

1480 

2130 

2790 

2810 

B-l 

12.1 

1890 

3120 

3980 

4440 

4920 

1390 

2130 

2920 

3340 

3520 

B-2 

16.5 

1880 

3000 

3960 

4440 

4570 

1130 

1970 

2810 

3020 

3320 

B-3 

20.4 

1670 

2500 

3630 

3650 

4540 

930 

1660 

2210 

2630 

3080 

B-4 

23.0 

1530 

2470 

3280 

3720 

3940 

950 

1630 

2190 

2360 

2800 

C-l 

16.1 

1990 

3530 

4780 

5220 

6020 

1330 

2400 

3170 

3810 

4100 

C-2 

20.6 

1970 

3490 

4700 

5510 

5800 

1200 

2350 

3410 

3470 

3720 

C-3 

26.5 

1750 

3020 

4300 

4910 

5360 

1040 

1770 

2640 

2880 

3410 

C-4 

33.3 

1300 

2220 

3460 

4080 

4760 

840 

1580 

2180 

2650 

2930 

D-l 

16.1 

1700 

3220 

4110 

4410 

5110 

980 

2130 

2960 

3350 

3760 

D-2 

20.3 

1790 

3290 

4090 

4590 

5330 

1120 

2310 

3160 

3490 

3950 

D-3 

22.3 

1600 

3050 

4100 

4480 

5220 

1020 

2080 

2980 

3440 

3510 

D-4 

25.6 

1440 

2820 

4050 

4220 

4890 

990 

2040 

2520 

3210 

3610 

E-l 

10.6 

2250 

3420 

5090 

5180 

5830 

1660 

2740 

4030 

4280 

4930 

E-2 

15.3 

2220 

3220 

4650 

5070 

5940 

1400 

2270 

3450 

3890 

4310 

E-3 

18.9 

2060 

3410 

4520 

5070 

5340 

1550 

2420 

3180 

3720 

4170 

E-4 

23.7 

1880 

3030 

4120 

4630 

5480 

1300 

2210 

3280 

3630 

3770 

Average  .... 

1740 

2950 

4090 

4500 

5070 

1120 

2000 

2840 

3220 

3580 

The  2  by  4-in.  mortar  cylinders  used  in  several  of  the  series  were 
made  in  steel  molds  similar  to  those  described  above.  Sufficient  mortar 
was  mixed  to  make  4  or  5  specimens ;  one  from  each  batch  was  tested 
at  each  of  the  ages  shown.  The  mortar  was  placed  in  the  molds  in  3  or  4 
layers.  These  cylinders  were  stored  in  water  and  tested  in  a  damp  con¬ 
dition. 

Briquette  tests  were  made  on  all  cements.  The  results  of  the  tests 
on  neat  cement  and  sand  mortars  at  ages  of  7  days  to  1  year  are  given 
in  Tables  8,  12  and  17.  The  batches  for  the  briquettes  were  mixed  by 
hand  in  the  manner  described  in  the  standard  cement  specifications.  The 
batches  were  of  such  size  that  4  or  5  briquettes  could  be  made;  one  from 
each  batch  was  tested  at  the  ages  shown.  The  mortar  used  in  the  4  or  5 
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specimens  in  a  set  was  mixed  on  different  days.  Briquettes  were  stored 
in  water  and  tested  wet. 

The  water  content  of  the  concrete  is  expressed  in  terms  of  the  “rela¬ 
tive  consistency”  or  the  “water-ratio.”  Relative  consistency  of  1.00  (nor¬ 
mal  consistency)  is  of  such  plasticity  that  the  concrete  of  usual  mixes 
will  slump  y2  to  1  in.  if  the  metal  form  is  withdrawn  by  a  steady,  up- 


Table  11 — Quantity  of  Mixing  Water — Series  20. 


Strength  tests  given  in  Tables  8,  9  and  10. 


Cement. 

Water — per  cent  by  weight 
of  Dry  Materials. 

Ratio  of  Water  to  Volume  of  Cement. 

Ref. 

No. 

Fineness,  Residue  on 
Sieve  No. 

Neat.1 

Sand  Mortar.2 

Concrete. 

Neat.1 

Sand  Mortar.2 

100 

200 

1:2 

1:3 

1:4 

1:2 

1:3 

1:4 

1:2:4 

1:3:5 

A-l . 

1.7 

12.5 

23.0 

11.8 

10.3 

9.5 

0.35 

0.54 

0.62 

0.72 

0.76 

0.91 

A-2 . 

2.8 

16.9 

23.0 

11.8 

10.3 

9.5 

0.36 

0.55 

0.64 

0.74 

0.79 

0.94 

A-3 . 

3.6 

19.9 

22.5 

11.8 

10.3 

9.5 

0.36 

0.56 

0.65 

0.75 

0.80 

0.97 

A-4 . 

4.3 

22.9 

22.0 

11.6 

10.2 

9.3 

0.36 

0.56 

0.66 

0.74 

0.82 

1.01 

B-l . 

1.5 

12.1 

23.0 

11.8 

10.3 

9.5 

0.35 

0.53 

0.62 

0.71 

0.76 

0.91 

B-2 . 

2.2 

16.5 

23.0 

11.8 

10.3 

9.5 

0.36 

0.55 

0.64 

0.74 

0.78 

0.95 

B-3 . 

3.5 

20.4 

23.0 

11.8 

10.3 

9.5 

0.36 

0.56 

0.65 

0.75 

0.80 

0.97 

B-4 . 

4.5 

23.0 

23.0 

11.8 

10.3 

9.5 

0.37 

0.57 

0.67 

0.76 

0.82 

1.00 

C-l . 

2.8 

16.1 

21.0 

11.3 

10.0 

9.2 

0.33 

0.53 

0.62 

0.71 

0.75 

0.95 

C-2 . 

4.7 

20.6 

20.0 

11.1 

9.8 

9.1 

0.32 

0.53 

0.62 

0.72 

0.77 

0.95 

C-3 . 

9.3 

26.6 

19.5 

11.1 

9.8 

9.1 

0.31 

0.54 

0.63 

0.74 

0.78 

0.97 

C-4 . 

13.3 

33.3 

19.0 

10.9 

9.7 

8.9 

0.31 

0.54 

0.64 

0.74 

0.79 

0.99 

D-l . 

1.8 

16.1 

22.5 

11.7 

10.3 

9.5 

0.35 

0.54 

0.64 

0.74 

0.77 

0.98 

D-2 . 

2.4 

20.3 

22.0 

11.6 

10.2 

9.5 

0.35 

0.55 

0.64 

0.75 

0.79 

1.00 

D-3 . 

4.1 

22.3 

21.5 

11.4 

10.1 

9.3 

0.34 

0.55 

0.65 

0.74 

0.80 

1.01 

D-4 . 

5.0 

25.6 

21.0 

11.3 

10.0 

9.2 

0.34 

0.55 

0.64 

0.74 

0.80 

1.02 

E-l . 

1.2 

10.6 

24.5 

12.1 

10.6 

9.7 

0.36 

0.54 

0.63 

0.72 

0.77 

0.96 

E-2 . 

1.8 

15.3 

24.0 

12.0 

10.5 

9.6 

0.37 

0.56 

0.65 

0.74 

0.80 

0.99 

E-3 . 

2.9 

18.9 

23.5 

11.9 

10.4 

9.6 

0.37 

0.56 

0.65 

0.76 

0.82 

1.01 

E-4 . 

4.9 

23.7 

23.0 

11.8 

10.3 

9.5 

0.37 

0.57 

0.66 

0.76 

0.85 

1.05 

1  Normal  consistency  of  cement. 

3  Same  amount  of  water  used  for  Standard  Ottawa  and  Elgin  sand  mortars. 


ward  pull  immediately  after  molding  the  cylinder  by  the  method  described 
above.  A  relative  consistency  of  1.10  indicates  that  the  concrete  contains 
10  per  cent  more  water  than  that  required  for  normal  consistency,  etc. 
The  apparatus  used  in  making  the  slump  test  is  shown  in  Fig.  1.  It  con¬ 
sists  of  a  framework  carrying  a  6  by  12-in.  metal  form  on  vertical  guides 
and  a  windlass  for  lifting  the  form.  The  frame  stands  on  leveling  screws. 
The  slump  is  measured  from  the  original  height  of  12  in.  to  the  top  of 
the  concrete  after  the  removal  of  the  form.  A  measuring  rod  enables  the 
operator  to  determine  the  slump  directly.* 


(Note  added  to  Revised  Edition,  November,  1922.)  Present  practice  in  making 
the  slump  test  for  consistency  or  workability  of  concrete  requires  the  use  of  a  4  by  8 
by  12-in.  truncated  cone.  For  concrete  of  a  given  consistency  the  cone  gives 
slumps  about  2/3  that  of  the  cylinder.  The  truncated  cone  is  specified  in  the 
Progress  Report  of  the  Joint  Committee  on  Standard  Specifications  for  Concrete 
and  Remforced  Concrete  and  is  used  in  the  Tentative  Specifications  for  Workability 
of  Concrete  for  Concrete  Pavements  of  the  American  Society  for  Testing  Materials. 
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Fig.  2  is  a  sketch  showing  the  form  taken  by  the  concrete  cylinders 
of  different  consistencies  after  the  slump  test.  Slump  tests  were  carried 
out  on  all  specimens  in  Series  118  and  120.  After  the  slump  test  was 
made  the  same  concrete  was  remolded  for  the  compression  test. 

The  “water-ratio”  is  the  ratio  of  volume  of  water  to  volume  of  cement 
in  the  batch.  The  weight  of  all  cements  was  assumed  as  94  lb.  per  cu.  ft. 


Fig.  5 — Change  in  Strength  of  Mortar  with  Fineness  of  Cement — 

Series  20. 


Tension  tests  of  briquettes.  Compare  Fig.  10. 

Values  are  based  on  80  tests;  16  each  from  S  cements. 


A  rich  mixture  will  give  a  low  water-ratio  and  a  lean  mixture  a  high 
water-ratio.  The  distinction  between  the  relative  consistency  and  water- 
ratio  should  be  made  clear.  The  relative  consistency  refers  to  the  plastic 
condition  of  the  concrete  without  reference  to  the  actual  quantity  of  water 
as  compared  to  the  cement ;  while  the  water-ratio  refers  to  the  actual  quan¬ 
tity  of  water  as  compared  with  the  cement,  and  takes  no  account  of  the 
plasticity  of  the  concrete. 
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In  general,  the  5  concrete  test  cylinders  in  a  set  were  made  on  5 
different  days.  One  specimen  of  each  group  was  made  before  starting 
the  second  round.  The  strengths  given  in  the  tables  are,  therefore,  the 
average  of  5  entirely  independent  tests.  In  this  way  minor  variations  in 
materials,  proportions,  manipulation,  etc.,  are  eliminated. 


Fig.  6 — Change  in  Strength  of  Mortar  with  Fineness  of  Cement — 

Series  20. 

Compression  tests  of  2  by  4-in.  cylinders.  Compare  Fig.  10. 

Values  are  based  on  80  tests;  16  each  from  5  cements. 


Methods  of  Testing. 

The  specimens  for  strength  tests  remained  in  damp  sand  or  water 
until  due  to  be  tested ;  tests  were  made  with  specimens  in  wet  or  damp 
condition. 

All  tests  of  cement  were  carried  out  in  accordance  with  the  methods 
described  in  the  Standard  Specifications  and  Tests  for  Portland  Cement 
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of  the  American  Society  for  Testing  Materials.  Extreme  care  was  taken 
in  the  determination  of  fineness,  normal  consistency,  etc.  In  Series  31, 
118  and  120  samples  of  cement  were  tested  for  fineness  each  day  that 
a  given  cement  was  used.  In  this  way  an  average  of  15  to  18  tests  was 
secured.  Fineness  tests  were  made  with  a  mechanical  sieve  shaker.  The 
sieves  were  calibrated  by  comparison  with  cement  samples  of  standard 
fineness  supplied  by  the  Bureau  of  Standards. 


0  7  28  90  180 


360 


Age  at  Test,  days. 

Fig.  7 — Change  in  Strength  of  Concrete  with  Fineness  of  Cement — 

Series  20. 

Compression  tests  of  6  by  12-in.  cylinders.  Compare  Fig.  11. 

Values  are  based  on  80  tests;  16  each  from  5  cements. 


For  Cements  K  and  L  used  in  Series  118  and  120  mechanical  analyses 
were  made  by  means  of  the  air  analyzer  shown  in  Fig.  3.  This  apparatus 
was  constructed  on  the  same  general  principles  followed  in  the  analyzer 
designed  by  the  Bureau  of  Standards,  described  in  Technologic  Paper  No. 
48,  1915.  Our  apparatus  differs  from  the  earlier  analyzer  in  several  im¬ 
portant  particulars : 


Specimens  stored  in  water;  tested  wet. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 
All  strength  values  are  given  in  pounds  per  square  inch. 
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1.  Four  separations  may  be  made  at  once  using  the  same  air  supply, 
and  stacks  and  nozzles  of  different  diameters ; 

2.  The  nozzles  and  stacks  are  of  brass  instead  of  glass; 

3.  The  nozzles  are  fixed  with  reference  to  the  stack; 

4.  The  glass  bulb  is  smaller  and  simpler  in  form. 

Table  15 — Quantity  of  Mixing  Water — Series  31. 


Strength  tests  given  in  Tables  12,  13  and  14. 


Cement. 

Water,  per  cent  by 

weight  of  Dry 
Material. 

Ratio  of  Water  to  Volume  of  Cement. 

Ref. 

Fineness 

Residue 

Mortar. 

Mortar. 

Concrete. 

No. 

on  No.  200 

Sieve. 

1:3 

1:3 

1:3 

1:3 

1:PA:3 

1:1M:3  ^ 

1:2:4 

1:2A:5 

1:3:6 

Neat.1 

St’d. 

Elgin. 

Neat.1 

St’d. 

Elgin. 

F-l . 

4.9 

29.0 

11.3 

12.3 

0.40 

0.62 

0.68 

0.64 

0.68 

0.75 

0.84 

0.99 

F-2 . 

8.7 

28.0 

11.2 

12.2 

0.41 

0.65 

0.71 

0.67 

0.73 

0.78 

0.88 

1.06 

F-3 . 

14.2 

27.5 

11.1 

12.1 

0.42 

0.68 

0.74 

0.71 

0.76 

0.83 

0.93 

1.12 

F-4 . 

17.9 

26.0 

10.8 

11.8 

0.41 

0.68 

0.74 

0.72 

0.78 

0.84 

0.95 

1.14 

F-5 . 

24.5 

25.0 

10.7 

11.7 

0.40 

0.69 

0.75 

0.74 

0.80 

0.86 

0.99 

1.15 

F-6 . 

28.1 

24.5 

10.6 

11.6 

0.39 

0.68 

0.75 

0.74 

0.81 

0.88 

1.00 

1.18 

F-7 . 

33.4 

24.0 

10.5 

11.5 

0.39 

0.69 

0.75 

0.75 

0.82 

0.89 

1.03 

1.19 

G-l . 

2.2 

29.0 

11.3 

12.3 

0.38 

0.59 

0.64 

0.61 

0.65 

0.70 

1.00 

0.94 

G-2 . 

7.9 

26.0 

10.8 

11.8 

0.37 

0.62 

0.68 

0.67 

0.71 

0.76 

0.89 

1.05 

G-3 . 

12.9 

25.0 

10.7 

11.7 

0.38 

0.65 

0.71 

0.70 

0.75 

0.80 

0.94 

1.10 

G-4 . 

19.9 

25.0 

10.7 

11.7 

0.40 

0.68 

0.74 

0.73 

0.78 

0.84 

0.98 

1.15 

G-5 . 

25.2 

24.5 

10.6 

11.6 

0.39 

0.68 

0.75 

0.74 

0.80 

0.86 

1.01 

1.18 

G-6 . 

29.6 

24.5 

10.6 

11.6 

0.40 

0.69 

0.76 

0.75 

0.81 

0.86 

1.02 

1.19 

G-7 . 

34.0 

24.0 

10.5 

11.5 

0.39 

0.69 

0.75 

0.75 

0.81 

0.87 

1.03 

1.19 

H-l . 

12.0 

23.0 

10.3 

11.3 

0.35 

0.62 

0.68 

0.68 

0.73 

0.80 

0.93 

1.08 

H-2 . 

19.9 

23.0 

10.3 

11.3 

0.36 

0.65 

0.71 

0.71 

0.76 

0.84 

0.98 

1.15 

H-3 . 

23.3 

21.5 

10.1 

11.1 

0.34 

0.65 

0.71 

0.72 

0.78 

0.85 

0.99 

1.16 

H-4 . 

25.1 

22.0 

10.2 

11.2 

0.35 

0.66 

0.72 

0.73 

0.78 

0.86 

1.01 

1.18 

H-5 . 

30.1 

22.0 

10.2 

11.2 

0.36 

0.66 

0.73 

0.74 

0.79 

0.86 

1.02 

1.19 

formal  consistency  of  cement. 


All  stacks  were  61  in.  in  length. 

Other  dimensions  are 

as  follows : 

Inside  Diameter 

Nozzle 

Unit. 

of  Stack,  in. 

Diameter,  in. 

A . 

2.62 

0.130 

B . 

2.86 

0.100 

C . 

3.12 

0.070 

D . 

3.37 

0.040 

Fifty-gram  samples  were  used  for  Units  A,  B  and  C  and  25-gram  samples 
for  Unit  D.  An  air  pressure  of  1  lb.  per  sq.  in.  was  used.  The  separa¬ 
tion  size  of  the  units  and  the  analyses  of  the  cements  are  given  in  Table  5. 

The  unit  weights  of  the  cement  and  aggregate  were  determined  by 
puddling  the  material  in  a  machined  cast-iron  measure  in  the  manner  de¬ 
scribed  above  for  molding  the  concrete  test  pieces.  The  cast-iron  measures 
were  cylindrical  in  form  with  inside  diameter  equal  to  depth.  In  general, 
a  %  cu.  ft.  measure  was  used. 
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The  compression  tests  of  mortar  cylinders  were  made  in  a  40,000-lb. 
Riehle  testing  machine.  The  test  of  6  by  12-in.  concrete  cylinders  were 
made  in  a  200,000-lb.  Olsen  machine.  A  spherical  bearing  block  was  used 
on  top  of  the  compression  specimens  during  the  test. 

A  special  apparatus  (Fig.  4)  was  designed  and  constructed  for  use 
in  measuring  the  elongation  and  contraction  of  6  by  12-in.  cylinders.  It 
consists  essentially  of  a  framework  for  holding  the  cylinder  in  an  inclined 
position  in  V-shaped  seats  and  means  for  accurate  measurement  of  changes 


Fig.  8 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete — 

Series  31. 

Compression  tests  of  6  by  12-in.  cylinders.  See  Table  14. 


in  length.  The  lower  end  of  the  cylinder  rests  against  a  2-in.  circular 
plate  with  a  spherical  seat.  The  change  in  length  is  measured  by  means 
of  an  Ames  dial  graduated  to  0.001  in.,  which  makes  contact  with  the 
cylinder  through  a  second  2-in.  plate  with  spherical  seat. 

Discussion  of  Tests. 

The  data  of  all  tests  referred  to  are  given  in  the  tables  and  diagrams. 
The  data  for  each  series  are  placed  in  a  group  for  convenience  of  reference. 

In  this,  discussion  most  weight  will  be  given  to  the  compression  tests 
of  6  by  12-in.  cylinders.  Tests  of  this  kind  were  made  in  each  series 
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with  the  exception  of  No.  60.  The  results  are  given  in  Tables  10,  14,  18, 
23,  24  and  26.  This  report  contains  such  a  mass  of  data  that  the  discus¬ 
sion  will  necessarily  be  confined  to  the  more  important  features.  The 


Fig.  9 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete- 

Series  31. 

Compression  tests  of  6  by  12-in.  cylinders.  See  Table  14. 

Compare  Fig.  18. 

reader  who  is  interested  in  certain  details  will  find  all  necessary  data  for 
a  more  thorough  study. 

Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete. — An  ex¬ 
amination  of  the  tables  and  figures  indicates  that  in  general  the  strength 
of  concrete  increases  with  the  fineness  of  cement.  There  are  notable  ex- 
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ceptions  to  this  rule  in  the  case  of  some  of  the  cements  having  residues  less 
than  about  10  per  cent  on  the  No.  200  sieve. 

The  rate  of  change  of  strength  of  concrete  with  the  fineness  of  the 
cement  may  be  studied  in  several  different  ways.  One  method  is  illus- 


Fig.  10— Change  in  Strength  of  Mortar  with  Fineness  of  Cement- 

Series  31. 

Compare  Fig.  5  and  6. 

Each  value  is  based  on  95  tests;  Cements  F,  G  and  H. 

trated  in  Fig.  8  where  the  strength  of  the  concrete  for  different  mix¬ 
tures  has  been  platted  against  the  fineness  of  the  cement.  In  this  instance 
only  Cement  F  was  platted ;  the  other  cements  in  this  group  give  similar 
relations.  It  will  be  seen  that  the  relation  between  the  strength  and  fine¬ 
ness  for  the  range  of  values  covered  may  be  represented  by  straight  lines, 
which  may  be  used  to  determine  the  percentage  change  in  strength  for 
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one  fineness  of  cement  as  compared  with  another.  In  all  of  our  calcula¬ 
tions  we  have  used  the  strength  found  for  residue  of  20  per  cent  as  a 
basis  of  comparison.  It  will  be  seen  that  the  percentage  increase  in 
strength  for  1  per  cent  reduction  in  residue  is  considerably  greater  for 
the  lean  than  for  the  rich  mixtures. 

Fig.  9  gives  data  similar  to  that  found  in  Fig.  8  except  that  the  values 
have  been  reduced  to  basis  of  100  per  cent  for  a  residue  of  20  per  cent 
and  the  curves  for  Cements  G  and  H  have  been  added.  While  there  is 


OU - - - - 

0  7  28  90  180  360 

Age  at  Test,  days. 


Fig.  11 — Change  in  Strength  of  Concrete  with  Fineness  of  Cement — 

Series  31. 


Compare  Fig.  7. 

Each  value  is  based  on  95  tests;  Cements  F,  G  and  H. 


a  wide  variation  in  the  fineness  covered  by  these  cements,  it  will  be  noted 
that  the  values  give  roughly  a  straight-line  relation.  The  slopes  of  the 
curves  for  Cement  F  are  in  general  higher  than  the  average,  Cement  G 
is  lower  than  the  average,  and  Cement  H  is  about  a  mean  between  the 
other  two.  The  slopes  of  the  curves  at  7  days  are  much  greater  than 
for  other  periods,  indicating  that  finer  grinding  of  the  cement  is  more 
effective  in  increasing  the  early  strength  of  the  concrete  than  at  subse¬ 
quent  periods.  Similar  diagrams  for  mortar  tests  made  of  sand  of  6 


Compressive  Strength,  lb.  per  sq.  in. 
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Ratio  of  Cement  to  Volume  of  Finished  Concrete. 


Fig.  12 — Effect  of  Quantity  of  Cement  on  the  Strength  of  Concrete — 

Series  31. 

Compression  tests  of  6  by  12-in.  cylinders.  Data  from 
Table  14. 


Per  cent  Change  in  Strength  for  V  per  cent  Change  in  Cement. 
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Fig.  13 — Rate  of  Change  in  Strength  of  Concrete  with  Quantity  of 
Cement — Series  31. 

Compression  tests  of  6  by  12-in.  cylinders.  Cement  G.  Com¬ 
pare  Fig.  14  and  36. 

Values  determined  from  curves  similar  to  those  in  Fig.  12. 


Percent  Change  in  Strength  for  I  per  cent  Change  in  Cement. 
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D  /  Year. 

Fig.  14 — Rate  of  Change  in  Strength  of  Concrete  with  Quantity  of 
Cement — Series  31. 

Compression  tests  of  6  by  12-in.  cylinders.  Cements  F  and  H. 

Compare  Fig.  13  and  36. 

Curves  drawn  for  28-day  tests  only. 

Values  determined  from  curves  similar  to  those  in  Fig.  12, 
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different  gradings  at  ages  ranging  from  7  days  to  1  year  are  given  in 
Fig.  16  to  18. 

The  relation  between  the  strength  of  concrete  and  fineness  of  cement 
for  Cements  K  and  L  in  Series  118  and  120  is  found  in  Fig.  21,  22,  23, 


Days.  Days.  Months.  Months.  Year. 

Age  at  Te6t. 


Fig.  15. — Effect  of  Age  on  the  Strength  of  Concrete— Series  31. 

Compression  tests  of  6  by  12-in.  cylinders.  See  Table  14. 


25  to  29.  It  will  be  noted  that  for  all  conditions  of  consistency,  mix  and 
size  of  aggregates  the  strength  for  Cement  K  falls  off  for  the  finest 
sample.  The  linear  relation  between  fineness  and  strength  is  correct  only 
for  residues  above  10  per  cent  for  this  cement. 

For  Cement  L  the  strength  of  the  samples  having  a  residue  of  about 
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i  able  16 — Effect  of  Fineness  of  Cement  on  Strength  of  Mortar — 

Series  60. 

2  by  4-in  cylinders;  stored  in  water;  tested  wet.  Mix  1:2.55  by  volume.  Sand 
from  Elgin,  Ill. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 


Cement. 

Water 
per  cent 
by 

weight. 

Compressive  Strength, 
lb.  per  sq.  in. 

Relative  Strength  of 

Mortar. 

Ref. 

No. 

Fineness 
Residue 
on  No.  200 
Sieve. 

Normal 

Consist¬ 

ency. 

7 

d' 

28 

d. 

3 

mo. 

6 

mo. 

1 

yr. 

7 

d. 

28 

d. 

3 

mo. 

6 

mo. 

1 

yr. 

Sand  N-14.  Fineness  Modulus  4.44. 

F-l . 

F-2 . 

F-3 . 

F-4 . 

F-5 . 

F-6 . 

F-7 . 

Average. . 

4.9 

8.7 

14.2 

17.9 

24.5 

28.1 

33.4 

26.0 

26.0 

24.5 

24.0 

23.0 

22.0 

22.0 

10.5 

10.5 

10.2 

10.1 

9.9 

9.7 

9.7 

4360 

4480 

4150 

4130 

3870 

3350 

3180 

5920 

6100 

5810 

5870 

5420 

4890 

4560 

6960 

7120 

6840 

7000 

6610 

5890 

5810 

7280 

7430 

7280 

7820 

7030 

6430 

5840 

8340 

8070 

8280 

8820 

8200 

7520 

7370 

108 

111 

102 

102 

96 

83 

79 

103 

107 

101 

103 

95 

85 

80 

101 

103 

99 

102 

96 

86 

85 

96 

98 

96 

103 

92 

84 

77 

97 

93 

96 

102 

95 

87 

85 

10.1 

3930 

5510 

6600 

7020 

8080 

Sand  N-10.  Fineness  Modulus  4.06. 

F-l . 

F-2 . 

F-3 . 

F-4 . 

F-5 . 

F-6 . 

F-7 . 

Average. . 

4.9 

8.7 

14.2 

17.9 

24.5 

28.1 

33.4 

26.0 

26.0 

24.5 

24.0 

23.0 

22.0 

22.0 

10.9 

10.9 

10.6 

10.5 

10.2 

10.0 

10.0 

4030 

3890 

3600 

3730 

3300 

2690 

2570 

5790 

5610 

5330 

5300 

4860 

4300 

4100 

6420 

6320 

6200 

6490 

5570 

5620 

4970 

7120 

7340 

6410 

7420 

6660 

5880 

5320 

8500 

8030 

8060 

7990 

6910 

6530 

6560 

112 

108 

110 

104 

92 

75 

71 

112 

109 

103 

103 

94 

83 

79 

104 
102 
100 

105 

90 

91 
80 

99 

103 

90 

105 

93 

82 

84 

111 

105 

105 

104 

90 

85 

86 

10.4 

3400 

5040 

5940 

6590 

7510 

Sand  N-7.  Fineness  Modulus  3.63. 

F-l . 

F-2 . 

F-3 . 

F-4 . 

F-5 . 

F-6 . 

F-7 . 

Average.  . 

4.9 

8.7 

14.2 

17.9 

24.5 

28.1 

33.4 

26.0 

26.0 

24.5 

24.0 

23.0 

22.0 

22.0 

11.3 

11.3 

11.0 

10.9 

10.7 

10.5 

10.5 

3660 

3380 

3300 

3190 

2900 

2210 

2290 

5080 

4890 

4830 

4820 

3930 

3560 

3370 

6260 

6180 

5760 

5930 

5310 

4370 

4340 

6860 

6520 

6060 

6080 

5520 

5360 

4780 

7550 

7170 

6800 

7480 

6750 

5730 

5260 

118 

109 

107 

103 

94 

71 

74 

112 

108 

106 

106 

87 

78 

74 

109 

108 

101 

103 

93 

76 

76 

116 

111 

103 

103 

93 

91 

81 

104 

99 

94 

103 

93 

79 

73 

10.9 

2990 

4350 

5450 

5880 

6680 

Sand  N-5.  Fineness  Modulus  3.17. 

F-l . 

F-2 . 

F-3 . 

F-4 . 

F-5 . 

F-G . 

F-7 . 

Average. . 

4.9 

8.7 

14.2 

17.9 

24.5 

28.1 

33.4 

26.0 

26.0 

24.5 

24.0 

23.0 

22.0 

22.0 

11.9 

11.9 

11.6 

11.5 

11.3 

11.1 

11.1 

3020 

2890 

2640 

2660 

2200 

1790 

1640 

4470 

4150 

4070 

3980 

3420 

2980 

2760 

5400 

5480 

5160 

5230 

4230 

3960 

3310 

5850 

6280 

6040 

5540 

4820 

4400 

3690 

6650 

7110 

6340 

6690 

5680 

4860 

4380 

120 

115 

105 

106 
88 
71 
65 

118 

109 

107 

105 

90 

78 

73 

110 

112 

105 

107 

86 

81 

68 

110 

118 

114 

104 

91 

83 

70 

104 
112 

99 

105 

89 

76 

69 

11.5 

2410 

3690 

4680 

5230 

5960 

Sand  N-S.  Fineness  Modulus  3.00. 

F-l . 

F-2 . 

F-3 . 

F-4 . 

F-5 . 

F-6 . 

F-7 . 

Average. . 

4.9 

8.7 

14.2 

17.9 

24.5 

28.1 

33.4 

26.0 

26.0 

24.5 

24.0 

23.0 

22.0 

22.0 

12.3 

12.3 

12.0 

11.9 

11.7 

11.5 

11.5 

3200 

2840 

2580 

2470 

2110 

1670 

1730 

4750 

4470 

3920 

3910 

3040 

2690 

2500 

5570 

5610 

4810 

4700 

3950 

3480 

3140 

5800 

5730 

5020 

5060 

4290 

3770 

3410 

6510 

5910 

5700 

5720 

4980 

4330 

4330 

136 

121 

109 

105 

89 

71 

73 

131 

123 

108 

108 

84 

74 

69 

125 

126 
108 
105 

89 

78 

71 

121 

119 

105 

106 
89 
78 
71 

119 

108 

104 

105 

91 

79 

79 

11.9 

2370 

3610 

4470 

4730 

5350 

Sand  N-3.  Fineness  Modulus  2.53. 

F-l . 

F-2 . 

F-3 . 

F-4 . 

F-5 . 

F-6 . 

F-7 . 

Average. . 

4.9 

8.7 

14.2 

17.9 

24.5 

28.1 

33.4 

26.0 

26.0 

24.5 

24.0 

23.0 

22.0 

22.0 

12.8 

12.8 

12.5 

12.4 

12.1 

12.0 

12.0 

2460 

2370 

2080 

1810 

1650 

1360 

1370 

3930 

3630 

3250 

3070 

2420 

2020 

1920 

4680 

4750 

3970 

3830 

3100 

2800 

2840 

5400 

5020 

4520 

4190 

3630 

3020 

2860 

6330 

6010 

5240 

4960 

3620 

3900 

3350 

140 

135 

118 

103 

94 

77 

78 

137 

127 

113 

107 

84 

70 

67 

130 

132 

110 

106 

86 

78 

79 

134 

125 

112 

103 

91 

75 

71 

140 

133 

116 

109 

80 

86 

74 

12.4 

1870 

2890 

3710 

4090 

4770 
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7  per  cent  is  abnormally  high  as  compared  with  the  other  finenesses  (see 
Fig.  29).  These  tests  indicate  that  the  extremely  fine  cements  are  likely 
to  be  erratic  in  their  behavior.  It  will  be  pointed  out  below  that  the  time 
of  setting  and  the  mortar  strengths  of  the  finest  cements  were  also  erratic. 
The  most  useful  basis  for  comparison  in  studying  the  effect  of  fine- 


Fig.  16 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Mortar — 

Series  60. 

Compression  tests  of  2  by  4-in.  cylinders.  See  Table  16. 

Curves  platted  for  28-day  tests  only. 

ness  of  cement  is  the  percentage  increase  in  strength  of  the  concrete  for 
1  per  cent  reduction  in  residue  on  the  No.  200  sieve.  The  values  calculated 
from  the  slopes  of  the  curves  may  be  found  for  Series  20  and  31  in  Fig. 
7  and  11,  and  for  Series  118  and  120,  in  Tables  20,  28  and  29. 

The  tests  show  that  the  lean  mixtures  are  increased  in  strength  rela¬ 
tively  more  than  the  rich  ones  for  a  given  change  in  the  fineness  of  the 
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cement.  Ihey  also  show  that  the  beneficial  effect  of  fine  grinding  tends 
to  disappear  with  the  age  of  the  concrete. 

The  values  in  Tables  20  and  28  in  which  a  wide  range  in  consistencies 
was  used,  indicate  that  the  change  in  strength  due  to  fineness  of  cement 


Fig.  17 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Mortar — 

Series  60. 

Compression  tests  of  2  by  4-in.  cylinders.  See  Table  16. 

Curves  platted  for  Sand  N-S  only. 

is  largely  independent  of  the  consistency  of  the  concrete.  An  exception 
to  this  rule  is  found  in  the  case  of  the  very  wet  mixtures  (relative  con¬ 
sistency  2.00)  where  the  rate  of  increase  in  strength  was  considerably 
lower  than  the  average. 


Percent  of  Strength  for  20  per  cent  Residue 
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Effect  of  Fineness  Using  Different  Cements. — An  examination  of  the 
tables  will  show  that  there  is  no  necessary  relation  between  the  fineness 
of  cement  and  the  strength  of  the  resulting  concrete  so  long  as  different 


Fig.  18 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Mortar — 

Series  60. 

Compression  tests  of  2  by  4-in.  cylinders.  See  Table  16. 

Compare  Fig.  9. 


cements  are  considered.  For  example,  the  strengths  given  by  Cement  L 
in  Series  118  (Table  18)  are  only  40  to  60  per  cent  of  those  given  by 
Cement  K  for  the  same  mixtures.  The  coarsest  samples  for  Cement  K 
gave  strengths  comparable  to  the  finest  samples  in  Cement  L.  It  is  signifi- 


Compressive  Strength,  lb.  per sq.  in 
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Fig.  19 — Effect  of  Grading  of  Sand  on  the  Strength  of  Mortar — 

Series  60. 

Compression  tests  of  2  by  4-in.  cylinders.  See  Table  16. 

Compare  Fig.  34. 

Values  are  the  average  of  35  tests  from  7  finenesses  of 
Cement  F. 
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cant,  however,  that  the  rate  of  change  in  strength  with  fineness  (Table  20) 
is  not  materially  different. 

Effect  of  Consistency  of  Concrete. — Concrete  of  a  wide  range  in  con¬ 
sistency  was  tested  in  Series  118  to  120.  The  effect  of  consistency  on 


Table  17 — Strength  Tests  of  Cements — Series  118  and  120. 


Mortar  specimens  were  mixed  to  the  consistency  required  by  the  standard  speci¬ 
fications  and  methods  of  test  of  the  American  Society  for  Testing  Materials. 

Neat  cement  tests  were  made  on  paste  of  normal  consistency. 

Specimens  stored  in  water;  tested  damp. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 


Cement. 

2  bv  4-in.  Cylinders,  Compressive 

Briquettes,  Tensile  Strength, 

Ref. 

No. 

Fineness 

Strength,  lb.  per  sq.  in. 

lb 

per  sq.  in. 

on 

No.  200 
Sieve. 

3d. 

7  d. 

28  d. 

3  mo. 

lyr. 

3  d. 

7  d. 

28  d. 

3  mo. 

1  yr. 

1:3  Standard  Sand  Mortar. 


1-1 

8  9 

900 

2880 

3760 

4070 

158 

268 

401 

350 

1-2 

13.9 

810 

1730 

3030 

3570 

175 

250 

341 

320 

860 

2300 

3400 

4120 

166 

259 

371 

335 

K-l 

~  2.4 

1630 

2110 

3370 

4430 

4850 

222 

275 

370 

427 

377 

K-2 

9.4 

1270 

2270 

3680 

4290 

4580 

195 

261 

360 

395 

307 

K-3 

17.7 

980 

1520 

2840 

3430 

3850 

160 

228 

331 

380 

302 

K-4 

27.9 

680 

1050 

1840 

2810 

2770 

89 

112 

254 

345 

282 

K-5 

36.2 

320 

780 

1390 

1590 

2060 

40 

65 

190 

295 

183 

Av.. 

980 

1550 

2620 

3310 

3620 

141 

188 

301 

368 

290 

L-l 

7.1 

740 

1640 

3090 

4400 

5710 

121 

204 

385 

458 

406 

L-2 

16.3 

540 

1220 

2670 

3100 

4290 

81 

184 

317 

327 

330 

L-3 

28.9 

250 

680 

1280 

1770 

2040 

05 

104 

227 

276 

250 

L-4 

32.3 

200 

460 

1190 

1450 

1700 

42 

63 

170 

278 

220 

L-5 

43.3 

170 

350 

610 

1250 

1380 

37 

60 

213 

185 

188 

Av.. 

380 

870 

1770 

2390 

3020 

69 

123 

262 

305 

279 

Neat  Cement. 


K-l 

2.4 

5030 

6800 

9470 

9210 

10370 

486 

600 

551 

558 

503 

K-2 

9.4 

7000 

8180 

12470 

12380 

14630 

594 

573 

600 

623 

521 

K-3 

17.7 

5800 

8950 

12580 

12830 

13960 

440 

617 

612 

682 

598 

K-4 

27.9 

3740 

6730 

10880 

11800 

13140 

380 

555 

521 

674 

545 

K-5 

36.2 

1540 

5050 

9240 

10390 

11680 

185 

530 

673 

698 

600 

Av.. 

4620 

7140 

10930 

11320 

12750 

417 

575 

591 

647 

553 

L-l 

7.1 

4600 

7150 

11560 

12900 

14050 

334 

423 

582 

455 

514 

L-2 

16.3 

3600 

5890 

9120 

11010 

12670 

358 

416 

605 

564 

600 

L-3 

28.9 

1950 

3940 

7330 

10140 

13080 

224 

333 

582 

671 

505 

L-‘ 

32.3 

1510 

3480 

6950 

9080 

12850 

202 

321 

601 

559 

538 

L-5 

43. 

1340 

2740 

6000 

9450 

12360 

180 

261 

601 

664 

576 

Av. . 

.  0J 

4640 

6190 

10520 

13000 

260 

351 

594 

583 

547 

the  strength  for  several  mixtures  is  shown  in  Fig.  30.  Similar  diagrams 
may  be  constructed  for  other  finenesses  of  both  Cements  K  and  L.  The 
strength  falls  off  rapidly  as  the  quantity  of  mixing  water  is  increased 
above  “normal  consistency.”  For  a  relative  consistency  of  1.50  the  strength 
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is  about  one-half  the  maximum ;  for  relative  consistency  2.00,  only  25 
to  40  per  cent  of  the  maximum.  In  general,  the  strength  falls  off  for 
mixtures  drier  than  relative  consistency  1.00.  The  richer  mixtures  are 


Table  18— Effect  of  Fineness  of  Cement  on  the  Strength  of 
Concrete — Series  118. 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix  by  volume. 

Age  at  test,  28  days. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  3  or  5  tests  made  on  different  days. 

Weight  of  all  cements  assumed  as  94  lb.  per  cu.  ft.  in  proportioning. 


Ref. 

No. 


Cement. 


Compressive  Strength,  lb.  per  sq.  in.  for  Different  Consistencies. 


Fineness,  Residue 

on  No.  200  Sieve. 

0.95 

1.00 

1.05 

1.10 

1.15 

1.20 

1.25 

1.50 

2.00 

Aver¬ 

age. 


1-1 . 

1-2 . 

Average. 


Aggregate,  Celite,  Sand  and  Burnt  Shale  Slag— Mix  1:1 %. 


3670 

3140 

4020 

3120 

3330 

2880 

3120 

1940 

2890 

2170 

2600 

1350 

2160 

1690 

1220 

1320 

3400 

3570 

3100 

2530 

2530 

1980 

1920 

1270 

Aggregate,  Sand  and  Pebbles— Mix  1:4. 


K-l 

2.4 

3240 

2940 

3200 

3290 

3030 

3070 

2580 

1890 

960 

2690 

K-2 

9.4 

3900 

4020 

3860 

3630 

3020 

3290 

2830 

2100 

1040 

3080 

K-3 

17.7 

3410 

3690 

3620 

3270 

2970 

2490 

2470 

1610 

1020 

2730 

K-4 

27.9 

2030 

2420 

2380 

2050 

1930 

1920 

1650 

1210 

820 

1820 

K-5 . 

36.2 

1360 

1430 

1640 

1530 

1500 

1260 

1310 

1010 

660 

1300 

Average. . . 

2790 

2900 

2940 

2750 

2490 

2410 

2170 

1560 

900 

2320 

Aggregate,  Celite,  Sand  and  Crushed  Blast-Furnace  Slag— Mix  1:1%. 


K-l 

2.4 

4780 

4960 

4800 

4570 

4290 

4190 

3910 

2750 

1600 

3980 

K-2 

9.4 

5070 

4520 

4840 

4770 

4800 

4410 

4270 

3250 

1740 

4180 

K-3 

17.7 

4240 

4550 

4700 

4250 

4060 

4010 

3840 

3040 

1540 

3800 

K-4 

27.9 

2730 

3230 

3210 

3220 

2770 

2930 

2680 

1980 

900 

2630 

K-5 . 

36.2 

2180 

3130 

2820 

2580 

2500 

2580 

2100 

1520 

810 

2250 

3800 

4080 

4070 

3880 

3690 

3620 

3360 

2510 

1320 

3370 

L-l . 

L-2 

7.1 

3340 

3320 

3620 

3300 

3150 

2620 

2580 

1760 

910 

2730 

16.3 

2600 

3000 

2700 

2530 

2350 

2200 

2270 

1490 

760 

2220 

L-3 

28.9 

1470 

1990 

2710 

2550 

2340 

1940 

2040 

1310 

700 

1890 

L-4 

32  3 

1180 

1900 

1930 

2010 

1810 

1780 

1790 

1120 

690 

1580 

L-5 . 

43.3 

1060 

1380 

1660 

1610 

1570 

1460 

1200 

850 

500 

1250 

Average. .  . 

1930 

2320 

2540 

2400 

2240 

2000 

1980 

1310 

710 

1930 

more  affected  by  increase  in  water  than  the  lean  ones.  These  tests  con¬ 
firm  the  results  of  earlier  investigations  made  in  this  Laboratory. 

The  water-ratio  has  been  found  a  convenient  method  of  dealing  with 
the  relation  between  the  water  content  and  strength  of  concrete.  The 
water-ratio  is  the  ratio  of  the  volume  of  water  to  the  volume  of  cement 
in  the  batch.  Our  investigations  indicate  that  this  ratio  may  be  used  as 
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a  measure  of  the  strength  of  concrete  for  given  materials  and  given  test 
conditions,  regardless  of  the  mix,  size  or  grading  of  the  aggregate,  or 
the  relative  consistency  of  the  concrete,  so  long  as  the  concrete  is  plastic 
and  the  aggregate  is  not  too  coarse  for  the  quantity  of  cement  used.  Typ¬ 
ical  examples  of  the  water-ratio-strength  relation  from  these  tests  may 


Table  19— Quantity  of  Mixing  Water  in  Concrete — Series  118. 


Strength  tests  given  in  Table  18. 

Water  reported  on  basis  of  true  volume  of  cement,  that  is,  the  differences  in 
unit  weights  of  the  cements  are  taken  into  account.  The  quantity  of  mixing  water 
for  a  given  mix  and  consistency  would  be  constant  were  it  not  for  (1)  different  normal 
consistencies  in  the  cement  and  (2)  different  unit  weights  of  cement. 


Cement. 

Fineness, 

Ref. 

Residue 

No. 

on  No.  200 

Sieve. 

Ratio  of  Water  to  Volume  of  Cement  for  Different  Consistencies. 


1.00 

1.05 

1.10 

1.15 

1.20 

1.25 

1.50 

2.00 

Aggregates,  Celite,  Sand  and  Burnt  Shale  Slag— Mix  1:1 %. 


1-1...  . 

8.5 

0.676 

0.712 

0.748 

0.783 

0.819 

0.855 

0.891 

1.070 

1-2.... 

13 .9 

0.705 

0.742 

0.777 

0.815 

0.852 

0.890 

0.927 

1.112 

Aggregates,  Sand  and  Pebbles  prom  Elgin,  III. — Mix  1:4 


2.4 

0.644 

0.675 

0.712 

0.744 

0.778 

0.814 

0.845 

1.015 

9.4 

0.691 

0.725 

0.763 

0.799 

0.834 

0.872 

0.907 

1.087 

17.7 

0.740 

0.778 

0.817 

0.858 

0.896 

0.933 

0.975 

1.170 

27.9 

0.810 

0.850 

0.896 

0.938 

0.980 

1.024 

1.067 

1.280 

36.2 

0.830 

0.873 

0.916 

0.962 

1.005 

1.048 

1.091 

1.313 

Aggregates,  Celite,  Sand  and  Crushed  Blast-Furnace  Slag— Mix  1:1 %. 


K-l. . . 

2.4 

0.528 

0.555 

0.584 

0.610 

0.639 

0.668 

0.695 

0.835 

1.113 

K-2. . . 

9.4 

0.562 

0.591 

0.620 

0.649 

0.679 

0.710 

0.738 

0.888 

1.183 

K-3 . . . 

17.7 

0.603 

0.634 

0.664 

0.696 

0.728 

0.758 

0.792 

0.948 

1.268 

K-4. . . 

27.9 

0.656 

0.692 

0.727 

0.762 

0.797 

0.832 

0.865 

1.038 

1.383 

K-5. . . 

36.2 

0.675 

0.713 

0.748 

0.783 

0.823 

0.855 

0.890 

1.068 

1.428 

L-l . . . 

7.1 

0.546 

0.576 

0.603 

0.631 

0.661 

0.689 

0.718 

0.863 

1.148 

L-2. . . 

15.3 

0.598 

0.632 

0.662 

0.692 

0.725 

0.755 

0.787 

0.946 

1.260 

L-3 . . . 

28.9 

0.635 

0.671 

0.705 

0.737 

0.770 

0  807 

0.838 

1  005 

1 .340 

L-4.  . . 

32.3 

0.665 

0.697 

0.730 

0.765 

0.800 

0.835 

0.874 

1.047 

1.390 

L-5 . . . 

43.3 

0.665 

0.700 

0.733 

0.768 

0.803 

0.837 

0.873 

1.047 

1.400 

be  found  in  Fig.  31  and  32.  Diagrams  of  the  same  form  may  be  con¬ 
structed  for  the  other  fineness  from  data  given  in  Tables  23  to  25.  The 
curves  drawn  in  Fig.  32  were  constructed  from  diagrams  similar  to  Fig. 
31  for  other  finenesses  of  Cement  K.  It  will  be  noted  that  a  single  water- 
ratio-strength  curve  in  Fig.  31  represents  the  tests  covered  by  6  curves 
in  Fig.  30,  except  that  the  low  strengths  due  to  abnormally  dry  concrete 
have  been  omitted.  The  simplicity  of  the  relation  brought  out  in  Fig.  31 
would  not  be  recognized  from  a  study  of  the  curves  in  Fig.  30. 


tr* 


Effect  of  Fineness  of  Cement 


45 


The  water-ratio  -  strength  relation  is  of  the  same  form,  regardless 
of  the  fineness  of  the  cement.  The  relation  may  be  expressed  by  the 
equation, 

D 

S  =  — 

Xa 

where  S  is  the  compressive  strength  of  the  concrete,  X  is  the  water-ratio, 
and  D  and  a  are  constants  whose  values  depend  on  the  quality  of  cement 
and  the  conditions  of  the  test.  Typical  values  of  the  constants  D  and  a 
are  given  in  Fig.  32.  It  should  be  noted  that  a  is  an  exponent. 


Table  20 — Change  in  Strength  of  Concrete  with  Fineness  of 
Cement — Series  118. 

(Effect  of  Consistency.) 


Data  from  compression  tests  of  6  by  12-in.  cylinders.  (For  details  of  tests  see 
Table  18.) 

The  strength  of  concrete  increases  with  the  fineness  of  the  cement;  reducing  the 
residue  on  the  No.  200  sieve  by  1  point  increases  the  strength  by  the  percentages 
shown. 

No  attempt  was  made  to  calculate  values  for  Cement  I,  since  the  two  samples 
were  not  from  the  same  lot  and  gave  a  narrow  range  in  fineness. 


Cement. 


Mix 

by 

Volume. 


Age 

at 

Test, 

days. 


Change  in  Strength  of  Concrete  for  Bach  Point  Change  in  Fineness  of  Cement; 
Per  Cent  of  Strength  for  20  per  cent  Residue. 


1.15 


1.25 


1.50 


2.00 


Average. 


Aggregates,  Sand  and  Pebbles  from  Elgin,  III. 


1:4 

28 

3.3 

3.5 

3.1 

3.1 

2.7 

2.7 

2.7 

2.5 

Aggregates,  Celite,  Sand  and  Crushed  Blast-Furnace  Slag. 


1:1%  28  3.0  1.8  2.3  2.0  2.7  2.2  2.1  2.8  2.8  2.4 

1:1%  |  28  3.3  2.2  2.1  1.8  1.7  1.4  2.0  2.1  1.3  1.9 


Grand  Average .  3.2  2.5  2.5  2.3  2.4  2.1  2.3  2.5  2.1  2.4 


a  Relative  consistency  of  concrete. 


Our  report  on  “Design  of  Concrete  Mixtures”  1  gave  a  somewhat  dif¬ 
ferent  equation  for  this  relation.  For  usual  ranges  of  concrete  mixtures 
both  forms  of  equation  give  similar  results;  for  the  wetter  consistencies 
the  above  equation  gives  somewhat  higher  values  than  the  earlier  equa¬ 
tion.  However,  it  should  be  understood  that  the  exact  type  of  the  algebraic 
equation  is  not  important.  The  essential  feature  is  that  the  water  content 
of  the  concrete  measured  in  terms  of  the  volume  of  the  cement  (the  water- 
ratio)  is  the  determining  factor  in  fixing  the  strength  of  concrete  made 
from  given  materials.  In  constructing  an  equation  of  this  kind  we  are 


1  Bulletin  i.  Structural  Materials  Research  Laboratory,  Lewis  Institute. 
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simply  deriving  the  equation  of  a  curve  which  most  nearly  represents 
the  experimental  values.  It  is  obvious  that  equations  of  many  different 
types  may  be  used. 


Table  21 — Slump  Tests  for  Workability  of  Concrete — Series  118. 

Tests  made  on  6  by  12-in.  cylinders. 

The  slump  test  was  made  by  molding  a  6  by  12-in.  cylinder  by  puddling  with  a 
£4-in.  steel  bar,  then  withdrawing  the  metal  form  by  a  steady  upward  pull.  The 
shortening  of  the  fresh  concrete  is  measured  in  inches.  This  is  the  “slump.”  The 
apparatus  used  for  lifting  the  form  is  shown  in  Fig.  1. 

Each  value  is  the  average  of  3  or  S  tests  made  on  different  days. 


Cement. 

Slump  for  Different  Consistencies,  in. 

Ref. 

No. 

Fineness, 
Residue 
on  No.  200 
Sieve. 

0.95 

1.00  1.05 

1.10  1.15  1.20  1.25 

1 . 50  Average. 

Aggregates,  Celite,  Sand  and  Burnt  Shale  Slag — Mix  1:1  %. 


1-1.... 

1-2... 

8.5 

13.9 

0.4 

0  6 

1.4 

1.6 

2.3 

3.6 

3.3 

6.2 

4.7 

7.7 

7.0 

8.7 

7.3 

9.0 

10.1 

10.7 

4.3 

5.8 

Average . 

0.5 

1.5 

3.0 

4.8 

6.2 

7.8 

8.2 

10.4 

5.0 

Aggregates,  Sand  and  Pebbles  from  Elgin,  III. — Mix  1:4. 


K-l . . . 

2.4 

0.8 

1.3 

3  7 

5.8 

7.1 

8.3 

9.0 

10.1 

5.8 

K-2, . . 

9.4 

0.7 

1.8 

4.7 

7.2 

8.5 

8.4 

8.8 

9.8 

6.2 

K-3  . 

17.7 

0.4 

0.8 

2.4 

6.9 

7.7 

8.1 

8.6 

9.7 

5.6 

K-4. . , 

27.9 

0.2 

0.4 

1.2 

5.9 

7.7 

7.4 

8.1 

9.2 

5.0 

K-5  . . 

36  2 

0.2 

0.3 

0.4 

0.7 

2.3 

6.4 

7.1 

8.9 

3.3 

Average . 

0.5 

0.9 

2.5 

5.3 

6.7 

7.7 

8.3 

9.5 

5.2 

Aggregates,  Celite,  Sand  and  Crushed  Blast  Furnace  Slag — Mix.  1:1%. 


K-l ... 

2.4 

0.4 

0.9 

1.6 

3.2 

4.1 

5.7 

6.9 

9.6 

4.0 

K-2... 

9.4 

0.5 

0.9 

2.0 

3.3 

4.9 

6.9 

7.9 

10.5 

4.6 

K-3... 

17.7 

0.4 

0.7 

1.6 

3.4 

5.2 

7.2 

8.0 

10.2 

4.6 

K-4... 

27.9 

0.3 

0.7 

1.3 

3.1 

5.3 

6.9 

7.8 

10.1 

4.4 

K-5... 

36.2 

0.3 

0.8 

1.2 

2.3 

4.9 

6.6 

7.7 

10.1 

4.2 

Average . 

0.4 

0.8 

1.5 

3.1 

4.9 

6.7 

7.7 

10.1 

4.4 

L-l . . 

7.1 

0.4 

0.9 

2.2 

3.3 

4.9 

6.8 

8.4 

10.4 

4.7 

L-2. .  . 

15.3 

0.3 

0.8 

1.7 

3.1 

4.2 

6.5 

7.2 

10.0 

4.2 

L-3 . . . 

28.9 

0.2 

0.5 

0.9 

2.6 

4.3 

6.5 

7.5 

10.4 

4.1 

L-4 . .  . 

32.3 

0.2 

0.4 

0.8 

1.3 

3.8 

6.5 

7.1 

10.1 

3.8 

L-5 . . 

43.3 

0.2 

0.3 

0.6 

1.2 

2.0 

5.7 

7.0 

9.8 

3.4 

Average . 

0.3 

0.6 

1.2 

2.3 

3.8 

6.4 

7.4 

10.1 

4.0 

The  values  given  in  Table  28  indicate  that  the  consistency  of  the 
concrete  has  little  influence  on  the  rate  of  change  of  strength  due  to  fine¬ 
ness  of  grinding  of  the  cement.  There  is  an  exception  to  this  conclusion 
in  the  case  of  the  very  wet  mixtures,  in  which  the  benefit  of  fine  grinding  is 
somewhat  reduced. 
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Quantity  of  Cement. — The  effect  of  fineness  of  cement  was  studied 
in  a  wide  range  of  mixes.  Series  20  included  2  concrete  mixtures ;  Series 
31,  5  mixtures;  Series  118,  2  mixtures;  Series  120,  6  mixtures,  ranging 
from  1 : 10  to  1  :2.  The  mortar  tests  included  mixtures  up  to  neat  cement. 


Table  22a — Effect  of  Fineness  of  Cement  on  the  Yield  of  Concrete — 

Series  118. 

6  by  12-in.  cylinders. 

Yield  is  the  volume  of  concrete  produced  by  one  volume  of  mixed  aggregate. 
Density  is  the  total  solid  material  in  the  mass. 

Weights  were  determined  immediately  on  removal  from  the  forms. 

Each  value  is  the  average  of  3  or  5  tests  made  on  different  days. 


Cement. 

Relative  Consistency  of  Concrete. 

Ref. 

Fineness,  Residue 

No. 

on  No.  200  Sieve. 

0.95 

1  00 

1.05 

1.10 

1.15 

1.20 

1.25 

1.50 

2.00 

Average. 

Aggregates,  Celite,  Sand  and  Burnt  Shale  Slag — Mix  1:1  %. 


1-1 

8.5 

13  9 

1.322 

1.356 

1.318 

1.380 

1.341 

1.405 

1.363 

1.418 

1.399 

1.442 

1.413 

1.439 

1.411 

1.527 

1.468 

1.411 

1.388 

1-2.  ... 

Average. 

1.322 

1.337 

1.360 

1.384 

1.408 

1.427 

1.425 

1.497 

1.399 

Aggregates,  Sand  and  Pebbles  from  Elgin,  III.- 

-Mix  1:4. 

K-l . 

2.4 

1  079 

1.090 

1.093 

1.106 

1.118 

1.108 

1.127 

1.157 

1.193 

1.119 

K-2 . 

9.4 

1  076 

1  080 

1.091 

1.089 

1.093 

1  097 

1.102 

1.130 

1.180 

1.104 

K-3 . 

17.7 

1.090 

1.087 

1.083 

1.094 

1.092 

1.104 

1.107 

1.144 

1.178 

1.109 

K-4 . 

27.9 

1.127 

1.093 

1.090 

1.103 

1.099 

1.110 

1.115 

1.143 

1 . 193 

1.119 

K-5 . 

36.2 

1.134 

1.121 

1.112 

1.100 

1.113 

1.117 

1.120 

1.149 

1.183 

1.128 

Average 

1.101 

1.094 

1.094 

1.098 

1.103 

1.107 

1.114 

1.145 

1.185 

1.116 

Aggregates,  Celite,  Sand  and  Crushed  Blast-Furnace  Slag — Mix  1:1 %. 


K-l . 

2.4 

1.361 

1.350 

1.359 

1 

387 

1 

396 

1.416 

1.426 

1.503 

1 

621 

1 

424 

K-2 . 

9.4 

1  334 

1.333 

1.332 

1 

350 

1 

369 

1.378 

1.384 

1.438 

1 

570 

1 

388 

K-3 . 

17.7 

1.332 

1.321 

1.330 

1 

347 

1 

356 

1.374 

1.382 

1.435 

1 

540 

1 

380 

K-4 . 

27.9 

1.382 

1.350 

1.358 

1 

347 

1 

354 

1.372 

1.392 

1.453 

1 

540 

1 

394 

K-5 . 

36.2 

1.369 

1.319 

1.357 

1 

346 

1 

363 

1.372 

1.388 

1.442 

1 

550 

1 

390 

1  340 

1.335 

1  347 

1 

355 

1 

368 

1.382 

1.394 

1.454 

1 

564 

1 

395 

L-l . 

7.1 

1.363 

1.324 

1.341 

1 

350 

1 

369 

1.386 

1.394 

1.470 

1 

569 

1 

396 

L-2 . 

16.3 

1.352 

1.321 

1.348 

1 

356 

1 

364 

1.383 

1.402 

1.444 

1 

540 

1 

390 

L-3 . 

28.9 

1.420 

1.366 

1.344 

1 

333 

1 

350 

1.379 

1.388 

1.439 

1 

543 

1 

396 

L-4 . 

32.3 

1.440 

1.363 

1.342 

1 

340 

1 

358 

1.367 

1.385 

1.435 

1 

540 

1 

397 

L-5 . 

43.3 

1.423 

1.359 

1.328 

1 

325 

1 

333 

1.350 

1.380 

1.437 

1 

517 

1 

384 

Average. 

1.400 

1.347 

1.341 

1 

355 

1 

355 

1.373 

1.390 

1.445 

1 

542 

1 

393 

The  curves  in  Fig.  12  and  35  shows  the  effect  of  quantity  of  cement  for 
typical  cements.  The  cement  is  expressed  in  terms  of  the  volume  of  the 
finished  concrete.  The  rate  of  change  in  strength  with  cement  can  be 
calculated  from  the  slopes  of  these  curves.  Rates  calculated  in  this  way 
have  been  platted  from  Series  120  in  Fig.  36,  and  from  Series  31  in  Fig. 
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13  and  14.  For  a  given  plastic  condition  the  strength  of  concrete  increased 
with  the  quantity  of  cement  for  all  finenesses  and  consistencies.  The  rate 
of  increase  is  higher  for  the  lean  than  for  the  rich  mixes,  and  is  prac¬ 
tically  independent  of  the  consistency  of  the  concrete.  It  is  higher  at 
early  periods  than  at  later  ages.  The  fineness  of  cement  has  little  or  no 
effect  on  the  rate  of  increase  in  strength  of  concrete  due  to  a  given  in- 

Table  22 b — Effect  of  Fineness  of  Cement  on  the  Density  of 
Concrete — Series  118. 


Cement. 


Relative  Consistency  of  Concrete. 


Ref. 

No. 

Fineness,  Residue 
on  No.  200  Sieve 

0.95 

1.00 

1.05 

1.10 

1.15 

1.20 

1.25 

1.50 

2.00 

Average 

Aggregates,  Celite,  Sand  and  Burnt  Shale  Slag — Mix  1:1%. 

1-1 . 

1-2 . 

8.5 

13.9 

0.684 

0.667 

0.686 

0.655 

0.674 

0.643 

0.664 

0.637 

0.646 

0.627 

0.640 

0.628 

0.641 

0.592 

0.616 

0.642 

0.652 

Average . 

0.684 

0.676 

0.664 

0.653 

0.642 

0.633 

0.634 

0.604 

0.647 

Aggregates,  Sand  and  Pebbles  from  Elgin,  III. — Mix  1:4. 


K-l . 

2.4 

0.817 

0.808 

0.806 

0.798 

0.789 

0.796 

0.782 

0.762 

0.739 

0.788 

K-2 . 

9.4 

0.820 

0.816 

0.808 

0.810 

0.806 

0.804 

0.800 

0.780 

0.747 

0.799 

K-3 . 

17.7 

0,809 

0.812 

0.814 

0.805 

0.807 

0.799 

0.797 

0.770 

0.749 

0.796 

K-4 . 

27.9 

0.783 

0.807 

0.809 

0.799 

0.803 

0.795 

0.791 

0.772 

0.739 

0.789 

K-5 . 

36.2 

0.777 

0.787 

0.792 

0.802 

0.792 

0.790 

0.788 

0.768 

0.745 

0.782 

Average. 

0.801 

0.806 

0.806 

0.803 

0.799 

0.797 

0.792 

0.770 

0.744 

0.791 

Aggregates,  Celite,  Sand  and  Crushed  Blast  Furnace  Slag — Mix  1:1%. 


K-l . 

2.4 

0.739 

0.745 

0.740 

0.726 

0.721 

0.711 

0.705 

0.669 

0.621 

0.708 

K-2 . 

9.4 

0.754 

0.755 

0.756 

0.746 

0.735 

0.731 

0.727 

0.700 

0.641 

0.727 

K-3 . 

17.7 

0.755 

0.762 

0.757 

0.748 

0.743 

0.732 

0.728 

0.702 

0.653 

0.731 

K-4 . 

27.9 

0.728 

0.745 

0.741 

0.747 

0.743 

0.733 

0.722 

0.692 

0.653 

0.723 

K-5 . 

36.2 

0.735 

0.763 

0.742 

0.748 

0.738 

0.733 

0.725 

0.698 

0.649 

0.726 

Average. 

0.742 

0.754 

0.747 

0.743 

0.736 

0.728 

0.721 

0.692 

0.643 

0.723 

L-l . 

7.1 

0.739 

0.761 

0.751 

0.746 

0.736 

0.727 

0.722 

0.685 

0.642 

0.723 

L-2 . 

16.3 

0.743 

0.761 

0.747 

0.742 

0.737 

0.727 

0.717 

0.696 

0.653 

0.725 

28.9 

0.708 

0.737 

0.748 

0.755 

0.745 

0.730 

0.725 

0.700 

0.052 

0.722 

L-4 . 

32.3 

0.699 

0.738 

0.750 

0.752 

0.742 

0.737 

0.727 

0.702 

0.653 

0.722 

L-5 . 

43.3 

0.707 

0.741 

0.758 

0.759 

0.755 

0.746 

0.729 

0.700 

0.663 

0.729 

Average. 

0.719 

0.748 

0.751 

0.751 

0.743 

0.733 

0.724 

0.696 

0.652 

0.724 

crease  in  cement  content.  For  ordinary  mixtures,  increasing  the  quantity 
of  cement  1  per  cent  increases  the  strength  about  1  per  cent.  It  will  be 
noted  that  a  unit  volume  of  very  wet  concrete  of  a  given  mix  contains 
considerably  less  cement  than  mixes  of  normal  consistency. 

In  the  foregoing  discussion  it  should  be  understood  that  1  per  cent 
increase  in  cement  refers  to  the  actual  change  in  cement  content.  If  we 
assume  that  1 :5  mix  contains  20  per  cent  of  cement  (by  volume  of  fin- 
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Fineness  of  Cement,  percent  Residue  on  No.200  5ieve, 

Fig.  20 — Effect  of  Fineness  on  Unit  Weight  of  Cement — Series  118. 

Values  are  based  on  S  to  18  tests  for  fineness  and  2  tests 
for  unit  weights. 


Fineness  of  Cement,  percent  Residue  on  No.200  Sieve 
Fig.  21 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete — 

Series  118. 

Compression  tests  of  6  by  12-in.  cylinders.  Cement  K.  See 
Table  18. 

Aggregate;  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-J4  in. 
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ished  concrete),  then  an  increase  of  1  per  cent  would  give  a  cement  content 
of  20.2  per  cent  (not  21  per  cent  as  frequently  stated). 

Size  and  Grading  of  Aggregate. — Aggregates  of  different  sizes  and 
grading  were  used  in  Series  60  and  120.  The  effects  of  fineness  of  cement 
with  aggregates  of  different  gradings  is  shown  in  Fig.  19  and  34.  The 
tests  show  an  increase  in  strength  with  the  fineness  modulus  of  the  aggre- 


0  5  «0  15  20  25  30  35 

Fineness  of  Cement,  percent  Residue  on  No. 200  Sieve. 

Fig.  22 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete — 

Series  118. 

Compression  tests  of  6  by  12-in.  cylinders.  Cement  K.  See 
Table  18. 

Aggregate;  celite,  Elgin  sand,  and  blast-furnace  slag,  graded 
0  in. 

gate  similar  to  that  observed  in  other  tests  made  in  this  Laboratory.  The 
reason  for  this  relation  is  found  in  the  fact  that  the  water  content  for 
a  given  plastic  condition  of  the  concrete  is  dependent  on  the  size  and  grad¬ 
ing  of  the  aggregate  as  measured  by  the  fineness  modulus.  The  finer  aggre¬ 
gate  shows  a  somewhat  greater  increase  in  strength  with  fineness  of 
cement  than  the  coarser  gradings.  (See  Table  29.) 

Age  of  Concrete. — Tests  were  made  in  Series  20,  31,  60  and  120  at 
ages  varying  from  7  days  to  1  year.  The  results  of  these  tests  are  given 
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in  Tables  10,  14,  24,  and  26.  Fig.  15  gives  typical  age-strength  curves. 
It  will  be  noted  that  the  strength  of  the  concrete  increases  with  age  for 
both  of  the  mixtures  used  and  for  all  finenesses  of  cement.1  Similar 
curves  may  be  platted  from  the  data  in  Series  20  and  120.  Curves  for 
concrete  of  different  ages  are  shown  in  many  of  the  diagrams. 

The  effect  of  age  on  the  change  of  strength  of  concrete  with  the 
fineness  of  cement  is  shown  in  Fig.  7  and  11,  and  in  Tables  20,  28  and  29. 
It  is  seen  that  the  rate  of  change  of  strength  decreases  rapidly  with  the 
age  of  the  concrete.  A  study  of  all  of  the  data  shows  that  for  usual 


Fineness  of  Cemenfj  percent  Residue  on  No.200  Sieve. 

Fig.  23 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete — 

Series  118. 


Compression  tests  of  6  by  12-in.  cylinders.  Cement  L.  See 
Table  18. 

Aggregate;  celite,  Elgin  sand,  and  blast-furnace  slag,  graded 
0-34  in. 

mixtures  tested  at  28  days  the  increase  in  strength  of  the  concrete  is 
about  2  per  cent  for  each  1  per  cent  reduction  in  residue  on  the  No.  200 
sieve.  At  7  days,  3  months  and  1  year  the  corresponding  values  are  about 
2.5,  1.7  and  1.4  per  cent.  These  tests  do  not  bear  out  the  common  belief 
that  the  strength  of  the  concrete  depends  only  on  the  “flour”  content  of 
the  cement,  but  indicates  that  fine  grinding  merely  hastens  the  action  of 
the  cement. 

Air  Arialyzer  Tests. — The  size  and  grading  of  the  particles  in  two  lots 
of  cement  was  studied  by  means  of  the  air  analyzer,  shown  in  Fig.  3.  This 

1  See  D.  A.  Abrams,  “Effect  of  Age  on  the  Strength  of  Concrete,”  Proceedings, 
Am.  Soc.  Testing  Mat.,  Vol.  XVIII,  Part  II,  p.  317  (1918). 
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apparatus  in  combination  with  the  usual  sieves  enables  us  to  determine 
the  “sieve  analysis”  of  cements  in  the  same  manner  as  for  aggregates. 
The  separation  sizes  were  determined  by  microscopical  measurements  on 
a  large  number  of  the  last  particles  carried  over  by  the  air  current  or 


$ 


Fineness  of  Cement,  percent  Residue  on  No.200  Sieve. 

Fig.  24 — Effect  of  Fineness  of  Cement  on  the  Workability  of 
Concrete — Series  118. 

Tests  on  6  by  12-in.  cylinders.  Cements  K  and  L.  See 
Table  21. 

Mix  1:1  J4  by  volume. 

Aggregate;  celite,  Elgin  sand,  and  blast-furnace  slag,  graded 
0—^  in. 

Apparatus  for  “slump”  tests  shown  in  Fig.  1. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

passing  the  sieve.  The  separations  given  in  Table  5  for  Cements  K  and  L 
show  that  all  the  samples  give  smooth  sieve  analysis  curves  of  the  same 
type.  If  these  curves  are  platted  it  will  be  seen  that  the  maximum  dif¬ 
ferences  in  the  ordinates  (percentages  coarser  than  each  size)  comes  at 
the  No.  200  sieve.  We  may  expect,  therefore,  that  the  residue  on  the 
No.  200  sieve  is  a  satisfactory  measure  of  fineness  of  cement. 
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Table  23 — Effect  of  Fineness  of  Cement  on  the  Strength  of 
Concrete — Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  Mix  by  volume. 

Aggregate,  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1 J4.  Age  at  test,  28  days. 
Specimens  stored  in  damp  sand;  tested  damp.  Each  value  is  the  average  of  5 
tests  made  on  different  days. 

Weight  of  all  cements  assumed  as  94  lb.  per  cu.  ft.  in  proportioning. 


Compressive  Strength  for  Different  Relative  Consistencies, 


Volume. 

0.90 

1  00 

1.10 

1.25 

1.50 

2.00 

Aver- 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

age. 

Cement  K-l — (2.4).1  Cement  L-l — (7.1).' 


1:10 . 

1320 

1380 

1220 

930 

640 

390 

980 

910 

820 

870 

610 

480 

310 

670 

1:7 . 

2690 

2540 

2150 

1520 

900 

630 

1740 

1770 

1640 

1310 

950 

650 

450 

1130 

1:5 . 

3830 

3200 

2900 

2200 

1380 

720 

2370 

2970 

2780 

2060 

1380 

910 

690 

1800 

1:4 . 

3670 

3690 

3100 

2630 

1670 

920 

2610 

2910 

3850 

2290 

1380 

1090 

650 

2030 

1:3 . 

4140 

4170 

3700 

3000 

2220 

1020 

3040 

4750 

3590 

3380 

2330 

1360 

740 

2690 

1:2 . 

4600 

4440 

4260 

3800 

2880 

1610 

3600 

5140 

5020 

4060 

3560 

2510 

1080 

3560 

Average. . . 

3380 

3240 

2890 

2350 

1620 

880 

2380 

3080 

2950 

2330 

1700 

1170 

650 

1980 

Cement  K-2 — (9. 4 1.1  Cement  L-2 — (14  31. 1 


1:10 . 

1410 

1420 

1190 

1130 

800 

560 

1080 

540 

530 

560 

510 

360 

230 

460 

1:7 . 

2090 

2450 

2370 

1630 

1050 

750 

1720 

930 

1080 

1040 

730 

570 

380 

790 

1:5 . 

3550 

3920 

3260 

2440 

1490 

860 

2590 

1420 

1710 

1580 

1110 

850 

550 

1200 

1 :4 . 

3790 

4340 

3620 

2820 

2030 

1060 

2940 

1800 

2130 

1740 

1330 

940 

630 

1430 

1:3 . 

4770 

5370 

4680 

3990 

2530 

1140 

3750 

2330 

2450 

2030 

1950 

1220 

630 

1770 

1:2 . 

4270 

5270 

5300 

4360 

3540 

1540 

4050 

2290 

3780 

3040 

2660 

1880 

800 

2410 

Average. . . 

3310 

3800 

3400 

2730 

1910 

980 

2690 

1550 

1950 

1660 

1380 

970 

540 

1350 

Cement  K-3 — (17.71.'  Cement  L-3 — (28.9).' 


1:10 . 

1140 

930 

1060 

880 

620 

440 

840 

470 

740 

460 

440 

350 

200 

450 

1:7 . 

1760 

1680 

1630 

1210 

930 

640 

1310 

980 

930 

820 

710 

500 

350 

720 

1:5 . 

2330 

2990 

2700 

2070 

1280 

920 

2050 

1280 

1540 

1440 

1010 

610 

480 

1060 

1:4 . 

3350 

3550 

3290 

2550 

1510 

890 

2520 

1570 

1900 

1580 

1240 

740 

530 

1260 

1:3 . 

4050 

4190 

3380 

2970 

2060 

1150 

2970 

1740 

2050 

1750 

1520 

990 

500 

1420 

1:2 . 

4030 

4900 

4430 

3530 

2640 

1330 

3480 

1670 

3060 

2580 

2080 

1300 

800 

1920 

Average. .  . 

2780 

3040 

2750 

2200 

1510 

900 

2200 

1280 

1700 

1440 

1170 

750 

480 

1140 

Cement  K-4 — (27 .9).' Cement  L-4 — (32,3).' 


1:10 . 

750 

620 

710 

580 

500 

330 

580 

340 

390 

340 

350 

320 

250 

330 

1:7 . 

1170 

1250 

1190 

970 

710 

520 

970 

460 

610 

490 

560 

550 

280 

490 

1:5 . 

1850 

2090 

2000 

1490 

1050 

630 

1520 

1000 

1040 

1080 

800 

610 

400 

820 

1:4 . 

2440 

2590 

2450 

1780 

1140 

720 

1850 

740 

1750 

1390 

1200 

810 

450 

1060 

1:3 . 

3240 

3420 

3050 

2530 

1350 

860 

2410 

990 

2030 

1910 

1350 

830 

530 

1270 

1:2 . 

3000 

3800 

3900 

3260 

1690 

950 

2770 

1660 

2730 

2270 

1730 

1300 

930 

1770 

Average. . . 

2080 

2300 

2220 

1770 

1070 

670 

1680 

860 

1420 

1250 

1000 

740 

470 

960 

Cement  K-5 — (.36. 2), 1  Cement  L-5 — (43.3).' 


1:10 . 

530 

490 

530 

440 

440 

300 

460 

390 

290 

290 

340 

230 

150 

280 

1:7 . 

910 

860 

870 

940 

550 

470 

770 

440 

360 

470 

400 

370 

200 

370 

1:5 . 

1480 

1480 

1340 

1020 

850 

730 

1150 

840 

920 

730 

760 

500 

400 

690 

1:4 . 

1390 

1950 

1830 

1350 

980 

600 

1350 

900 

1010 

1030 

920 

750 

560 

860 

1:3 . 

2330 

2730 

2340 

1730 

1060 

730 

1820 

1120 

1460 

1480 

1100 

830 

730 

1120 

1:2 . 

2860 

3580 

3160 

2520 

1590 

880 

2430 

920 

1840 

1640 

1400 

730 

730 

12.10 

Average. . . 

1580 

1850 

1680 

1330 

910 

620 

1330 

770 

980 

940 

820 

570 

460 

760 

1  Fineness  of  cement,  residue  on  No.  200  sieve. 
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Table  24— Effect  of  Fineness  of  Cement  on  the  Strength  of 
Concrete — Series  120. 


(A  Study  of  Consistency.) 

Compression  tests  of  6  by  12-in.  cylinders. 

Weight  of  all  cements  assumed  as  94  lb.  per  cu.  ft.  in  proportioning. 
Aggregate,  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1 in. 
Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 


Cement. 


Compressive  Strength  for  Different  Relative  Consistencies 
lb.  per  sq.  in. 


Fineness 

Residue  on 
No.  200  Sieve 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

Average. 

1-4  Mix;  7-Day  Tests. 


K-l . 

2.4 

2410 

2370 

2080 

1560 

1010 

450 

1650 

K-2 . 

9.4 

2840 

2650 

2320 

1890 

940 

470 

1840 

K-3 . 

17.7 

2170 

2000 

1640 

1220 

690 

420 

1360 

K-4 . 

27.9 

1490 

1350 

1180 

810 

480 

300 

940 

K-5 . 

36.2 

1050 

1010 

890 

610 

360 

260 

700 

Average 

1990 

1880 

1620 

1220 

700 

380 

1300 

1-4  Mix;  28-Day  Tests.1 


K-l . 

2.4 

3670 

3690 

3100 

2630 

1670 

920 

2610 

K-2 . 

9.4 

3790 

4340 

3620 

2820 

2030 

1060 

2940 

K-3 . 

17.7 

3350 

3550 

3290 

2550 

1510 

890 

2520 

K-4 . 

27.9 

2440 

2590 

2450 

1780 

1140 

720 

1850 

K-5 . 

36.2 

1390 

1950 

1830 

1350 

980 

600 

1350 

Average 

2930 

3220 

2860 

2230 

1470 

840 

2250 

1-4  Mix;  3-Month  .Tests. 


K-l . 

2.4 

4180 

4060 

3100 

2790 

2090 

1170 

2900 

K-2 . 

9.4 

4190 

4820 

4580 

3640 

2420 

1290 

3490 

K-3 . 

17.7 

4020 

4480 

3920 

3430 

1930 

1240 

3170 

K-4 . 

27.9 

3330 

3460 

2980 

2190 

1300 

920 

2360 

K-5 . 

36.2 

2650 

2930 

2450 

1970 

1230 

890 

2020 

Average 

3670 

3950 

3410 

2800 

1790 

1100 

2790 

1-4  Mix;  1-Year  Tests. 


K-l . 

2.4 

5820 

5090 

4790 

3750 

2710 

1610 

3960 

K-2 . 

9.6 

6560 

6630 

6030 

4970 

2930 

1820 

4820 

K-3 . 

17.7 

5390 

5530 

5530 

4660 

3000 

1700 

4300 

K-4 . 

27.9 

4670 

4890 

4500 

3120 

2170 

1320 

3440 

K-5 . 

36.2 

3430 

3830 

4010 

2960 

1970 

1310 

2920 

Average 

5170  _ 

5190 

4970 

3890 

2560 

1550 

3870 

The  28-day  tests  in  this  table  are  the  same  as  the  1:4  tests  in  Table  23. 
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Table  25 — Quantity  of  Mixing  Water  in  Concrete — Series  120. 


Strength  tests  given  in  Tables  23  and  24. 

Water  reported  on  basis  of  true  volume  of  cement,  that  is,  the  differences  in 
unit  weights  of  the  cements  are  taken  in  account. 


Mix  by 
Volume. 

Ratio  of  Water  to  Volume  of  Cement  for  Different  Relative  Consistencies. 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

Cement  K-l — (2.4).1 


Cement  L-l — (7. 1).1 


1:10 . 

1.00 

1.11 

1.23 

1.40 

1.67 

2.23 

1.07 

1.19 

1.31 

1.49 

1.78 

2.38 

1:7 . 

0.79 

0.88 

0.96 

1.10 

1.32 

1.76 

0.83 

0.93 

1.02 

1.16 

1.39 

1.85 

1:5 . 

0.64 

0.71 

0.78 

0.89 

1.06 

1.42 

0.67 

0.75 

0.82 

0.93 

1.12 

1.49 

1:4 . 

0.57 

0.63 

0.69 

0.79 

0.94 

1.26 

0.59 

0  66 

0.73 

0.83 

0.99 

1.32 

1:3 . 

0.49 

0.55 

0.60 

0.68 

0.82 

1.09 

0.52 

0.57 

0.63 

0.72 

0.86 

1.15 

1:2 . 

0.42 

0.47 

0.51 

0.58 

0.70 

0.94 

0.44 

0.49 

0.54 

0.61 

0.74 

0.98 

Cement  K-2 — (9.4).1 


Cement  L-2 — (16.3). 1 


1:10 . 

1.09 

1.22 

1.34 

1.51 

1.83 

2.43 

1.18 

1.30 

1.43 

1.63 

1.95 

2.60 

1:7 . 

0.86 

0.95 

1.05 

1.19 

1.42 

1.90 

0.92 

1.02 

1.12 

1.27 

1.53 

2.04 

1:5 . 

0.69 

0.76 

0.84 

0.96 

1.15 

1.53 

0.74 

0.82 

0.90 

1.02 

1.22 

1.63 

1:4 . 

0.61 

0.68 

0.75 

0.84 

1.01 

1.36 

0.65 

0.72 

0.79 

0.90 

1.08 

1.45 

1:3 . 

0.53 

0.59 

0.65 

0.73 

0.88 

1.18 

0.56 

0.62 

0.69 

0.78 

0.94 

1.25 

1:2 . 

0.45 

0.50 

0.55 

0.62 

0.75 

0.99 

0.48 

0.53 

0.58 

0.66 

0.80 

1.06 

Cement  K-3 — (17. 7). 1 


Cement  L-3 — (28 . 9).1 


1:10 . 

1.18 

1.30 

1.43 

1.63 

1.95 

2.60 

1.27 

1.40 

1.54 

1.75 

2.11 

2.80 

1:7 . 

0  92 

1.02 

1.12 

1.28 

1.53 

2.04 

0.98 

1.09 

1.20 

1.36 

1.63 

2.18 

1:5 . 

0.74 

0.82 

0.90 

1.02 

1.22 

1.64 

0.78 

0.87 

0.96 

1.09 

1.31 

1.75 

1:4 . 

0.65 

0.72 

0.80 

0.90 

1.09 

1.45 

0.69 

0.77 

0.85 

0.96 

1.15 

1.54 

1:3 . 

0.56 

0.63 

0.69 

0.78 

0.94 

1.26 

0.60 

0.66 

0.73 

0.83 

0.99 

1.33 

1:2 . 

0.48 

0.53 

0.58 

0.66 

0.80 

1.06 

0.50 

0.56 

0.61 

0.70 

0.84 

1.12 

Cement  K-4 — (27. 9). 1 


Cement  L-4 — (32 . 3).1 


1:10 . 

1.28 

1.42 

1.56 

1.78 

2.14 

2.85 

1.31 

1.46 

1.61 

1.82 

2.20 

2.92 

1:7 . 

1  00 

111 

1.22 

1.39 

1.67 

2.23 

1  05 

1  14 

1  25 

1  43 

1.70 

2.28 

1:5 . 

0.80 

0.89 

0.98 

1.11 

1.34 

1.78 

0.82 

0.91 

1.00 

1.13 

1.36 

1.82 

1:4 . 

0.71 

0.79 

0.86 

0.98 

1.18 

1.58 

0.72 

0.80 

0.88 

1  00 

1.20 

1.60 

1:3 . 

0.61 

0.68 

0.75 

0.85 

1.02 

1.36 

0.62 

0.69 

0.76 

0.86 

1.04 

1.38 

1:2 . 

0.52 

0.58 

0.63 

0.72 

0.86 

1.15 

0.52 

0.58 

0.64 

0.73 

0.87 

1.16 

Cement  K-5 — (36. 2). 1 


Cement  L-5 — (43. 3). 1 


1:10 . 

1.34 

1.49 

1.64 

1.86 

2.23 

2.98 

1.34 

1.49 

1.64 

1.87 

2.24 

2.99 

1:7 . 

1.04 

1.15 

1.26 

1.44 

1.72 

2.30 

1.04 

1.15 

1.27 

1.44 

1.74 

2.31 

1:5 . 

0.83 

0.92 

1.02 

1.15 

1.38 

1.83 

0.82 

0.92 

1.01 

1.14 

1.37 

1.83 

1:4 . 

0.73 

0.82 

0.90 

1.02 

1.23 

1.63 

0.73 

0.80 

0.88 

1.01 

1.20 

1.61 

1:3 . 

0.64 

0.71 

0.78 

0.88 

1.06 

1.41 

0.62 

0.69 

0.76 

0.86 

1.04 

1.38 

1:2 . 

0  54 

0.59 

0.65 

0.74 

0.89 

1.19 

0.52 

0.58 

0.63 

0.72 

0.86 

1.15 
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Table  26 — Effect  of  Fineness  of  Cement  on  the  Strength  of 
Concrete — Series  120. 


(A  Study  of  Size  of  Aggregate.) 


Compression  tests  of  6  by  12-in.  cylinders. 

Consistency  1.10. 

Weight  of  all  cements  assumed  as  94  lb.  per  cu.  ft.  in  proportioning. 
Aggregate,  sand  and  pebbles  from  Elgin,  Ill. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  5  tests. 


Cement. 


Compressive  Strength  for  Aggregates  of  Different  Sizes,  lb.  per  sq.  in. 


Ref. 

No. 

Fineness  Residue 
on  No.  200  Sieve. 

0-No.  28 

0-No.  14 

0-No.  8 

0-No.  4 

0-H  in. 

0-^4  in. 

0-1J4  in. 

Average 

1-4  Mix;  7-Day  Tests. 

K-l . 

2.4 

410 

590 

730 

980 

1260 

1940 

2080 

1140 

K-2 . 

9.4 

390 

580 

790 

1020 

1500 

1920 

2320 

1220 

K-3 . 

17.7 

320 

410 

560 

680 

1170 

1700 

1640 

930 

K-4 . 

27.9 

210 

310 

390 

440 

700 

1040 

1180 

610 

K-5 . 

36.2 

140 

200 

260 

380 

470 

780 

890 

450 

Average 

290 

420 

550 

700 

1020 

1480 

1620 

870 

1-4  Mix;  28-Day  Tests. 


K-l . 

2.4 

680 

940 

1200 

1340 

2350 

2630 

3100 

1750 

K-2 . 

9.4 

630 

960 

1260 

1650 

2580 

2860 

3620 

1940 

K-3 . 

17.7 

470 

750 

1010 

1260 

1760 

2830 

3290 

1620 

K-4 . 

27.9 

360 

560 

670 

880 

1290 

1790 

2450 

1140 

K-5 . 

36.2 

220 

440 

500 

680 

1080 

1420 

1830 

880 

Average 

470 

730 

930 

1160 

1810 

2310 

2860 

1470 

1-4  Mix;  3-Month  Tests. 


K-l . 

2.4 

940 

1500 

1890 

2050 

2760 

3450 

3100 

2240 

K-2 . 

9.4 

940 

1390 

1860 

2280 

3590 

3970 

4580 

2660 

K-3 . 

17.7 

630 

1150 

1430 

1930 

2860 

3990 

3920 

2270 

K-4 . 

27.9 

570 

890 

1150 

1410 

2160 

2830 

2980 

1710 

K-5 . 

36.2 

410 

650 

870 

980 

1740 

2280 

2450 

1340 

Average 

700 

1120 

1440 

1730 

2620 

3300 

3410 

2040 

1-4  Mix;  1-Year  Tests. 

K-l . 

2.4 

1520 

1910 

2410 

3050 

3560 

4280 

4790 

3070 

K-2 . 

9.4 

1220 

1970 

2730 

3290 

4760 

5030 

6030 

3580 

K-3 . 

17.7 

1240 

1910 

2250 

2930 

4320 

5000 

5530 

3310 

K-4 . 

27.9 

940 

1290 

1680 

2230 

3200 

4020 

4500 

2550 

K-5 . 

36.2 

710 

1430 

1310 

1620 

2480 

3690 

4010 

2180 

Average 

1130 

1700 

2080 

2620 

3660 

4400 

4970 

2940 

Effect  of  Fineness  of  Cement 
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Table  27 — Quantity  of  Mixing  Water  in  Concrete — Series  120. 

Strength  tests  given  in  Table  26. 

Water  reported  on  basis  of  true  volume  of  cement,  that  is,  the  differences  in 
unit  weights  of  the  cements  are  taken  in  account. 

Relative  consistency  1.10. 

Mix  1:4  by  volume. 


Cement. 

Ratio  of  Water  to  Volume  of  Cement  for  Aggregates  of  Different  Size. 

Ref. 

No. 

Fineness 
Residue  on 
No.  200 
Sieve. 

0-No.  28 

0-No.  14 

0-No.  8 

0-No.  4 

0-%  in. 

0-%  in. 

0-1  lA  in. 

K-l . 

2.4 

1.18 

1.06 

1.01 

0.94 

0.83 

0.75 

0.69 

K-2 . 

9.4 

1.28 

1.15 

1.09 

1.02 

0.90 

0.80 

0.75 

K-3 . 

17.7 

1.38 

1.23 

1.17 

1.09 

0.96 

0.86 

0.80 

K-4 . 

27.9 

1.50 

1.34 

1.28 

1.19 

1.04 

0.93 

0.86 

K-5 . 

30.2 

1.56 

1.39 

1.32 

1.23 

1.09 

0.97 

0.90 

Table  28 — Change  in  Strength  of  Concrete  with  Fineness  of 
Cement — Series  120. 


(Effect  of  Consistency.) 

Data  from  compression  tests  of  6  by  12-in.  cylinders.  (For  details  of  tests  see 
Tables  23  and  24.) 

Aggregate,  sand  and  pebbles  from  Elgin,  III. 

The  strength  of  concrete  increases  with  the  fineness  of  the  cement;  reducing  the 
residue  on  the  No.  200  sieve  by  1  point  increases  the  strength  by  the  percentage  shown. 


Mix  by 
Volume. 

Age  at 
Test. 

Change  in 

Strength  of  Concrete  for  Each  Point  Change  in  Fineness  of  Cement 
Per  cent  of  Strength  for  20  per  cent  Residue. 

0.90' 

1.00 

1.10 

1.25 

1.50 

2.00 

Average. 

Cement  K;  0-1)3  in.  Aggregate. 

1:10 . 

28  days 

3.3 

3.0 

2.4 

3.8 

1.9 

2.2 

2.8 

1:7 . 

2.8 

3.1 

3.0 

2.2 

2.4 

1.3 

2.5 

1:5 . 

2.5 

2.9 

2.8 

2.9 

2.0 

1.3 

2.4 

1:4 . 

3.0 

2.6 

2.4 

2.6 

2.7 

2.1 

2.6 

1:3 . 

2.2 

2.1 

2.1 

2.5 

3.0 

1.8 

2.3 

1:2 . 

1.8 

1.4 

1.7 

1.8 

3.0 

2.2 

2.0 

Average. .  . 

2.6 

2.5 

2.4 

2.6 

2.5 

1.8 

2.4 

Cement  L;  0-1M  in.  Aggregate. 


1:10 . 

28  days 

2.0 

2.9 

2.1 

1.5 

1.4 

1.0 

1.8 

1:7 . 

2.2 

3.1 

2.5 

2.0 

1.2 

2.2 

2.2 

1:5 . 

1.8 

2.0 

2.3 

1.3 

1.3 

1.0 

1.6 

1:4 . 

2.4 

1.9 

1.7 

1.1 

1.4 

0  8 

1  5 

1:3 . 

3.0 

1.5 

1.2 

1.8 

1.3 

0.8 

1.6 

1:2 . 

2.2 

2.0 

1.7 

2.0 

2.4 

0.5 

1.8 

Average . 

2.3 

2.2 

1.9 

1.6 

1.5 

1.0 

1.8 

Cement  K:  0-1)3  in.  Aggregate. 


1:4 . 

7  days 

3.1 

3.2 

3.1 

3.6 

3.2 

2.0 

3.0 

28  days 

3.0 

2.6 

2.4 

2.6 

2.7 

2.1 

2.6 

3  mo. 

1.6 

1.9 

2.2 

2.1 

2.2 

1.7 

1.9 

1  yr. 

2.1 

1.9 

1.6 

2.0 

1.9 

1.8 

1.9 

Average. . . 

2.4 

2.4 

2.3 

2.6 

2.5 

1.9 

2.4 

'Relative  consistency  of  concrete. 
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Table  29 — Change  in  Strength  of  Concrete  with  Fineness  of 
Cement — Series  120. 


(Effect  of  Size  of  Aggregate.) 


Data  from  compression  tests  of  6  by  12-in.  cylinders.  (For  details  of  tests  see 
Table  26.) 

Aggregate,  sand  and  pebbles  from  Elgin,  Ill. 

Cement  K,  relative  consistency  1.10. 

The  strength  of  concrete  increases  with  the  fineness  of  the  cement;  reducing  the 
residue  on  the  No.  200  sieve  by  1  point  increases  the  strength  by  the  percentages 
shown. 


Mix  by 
Volume. 

Age  at 
Test. 

Change  in 

Strength  of  Concrete  for  Each  Point  Change  in  Fineness  of  Cement; 
Per  cent  of  Strength  for  20  per  cent  Residue. 

0-No.  281 

0-No.  14 

0-No.  8 

0-No.  4 

0-iHs  in. 

0-%  in. 

0-lJ^in. 

Average. 

1:4 . 

7  days 

4.0 

2.2 

3.2 

3.2 

3.4 

2.6 

3.1 

3.1 

28  days 

3.3 

2.9 

2.9 

2.8 

2.6 

2.5 

2.4 

2.8 

3  mos. 

2.6 

2.5 

2.5 

2.8 

2.3 

2.0 

2.2 

2.4 

1  yr. 

2.2 

1.6 

2.5 

2.5 

2.4 

1.3 

1.5 

2.0 

Average. . . 

3.0 

2.3 

2.8 

2.8 

2.7 

2.1 

2.3 

2.6 

'Size  of  aggregate. 


Table  30 — Slump  Tests  for  Consistency  of  Concrete — Series  120. 

Tests  made  on  6  by  12-in.  cylinders. 

The  slump  test  was  made  by  molding  a  6  by  12-in.  cylinder  by  puddling  with  a 
%-in.  steel  bar,  then  withdrawing  the  metal  form  by  a  steady,  upward  pull.  The 
shortening  of  the  fresh  concrete  is  measured  in  inches.  This  is  the  “slump.”  The 
apparatus  used  for  lifting  the  form  is  shown  in  Fig.  1. 

Aggregate,  sand  and  pebbles  from  Elgin,  Ill. 

Relative  consistency  1.10. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 


Ref. 

No. 

Fineness 
Residue  on 
No.  200 
Sieve. 

Slump  for  Different  Sizes  of  Aggregate,  in. 

0-No.  28 

0-No.  14 

'o-No.  8 

0-No.  4 

0-Vs  in. 

0-%  in. 

0-1  ^  in. 

Average. 

K-l . 

2.4 

0.4 

0.5 

1.0 

2.1 

4.3 

4.1 

2.6 

2.1 

K-2 . 

9.4 

0.2 

0.3 

0.4 

3.1 

5.3 

5.4 

5.0 

2.8 

K-3 . 

17.7 

0.1 

0.2 

0.6 

0.4 

3.0 

4.5 

5.0 

2.0 

K-4 . 

27.9 

0.1 

0.2 

0.7 

0.3 

0.5 

2.3 

1.2 

0.8 

K-5 . 

36.2 

0.3 

1.2 

1 .0 

0.3 

0.4 

1.7 

1.8 

1.0 

Average. . . 

0.2 

0.5 

0.7 

1.2 

2.7 

3.6 

3.1 

1.7 

Effect  of  Fineness  of  Cement 
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Table  31 — Slump  Tests  for  Consistency  of  Concrete — Series  120. 

Tests  made  on  6  by  12-in.  cylinders. 

The  slump  test  was  made  by  molding  a  6  by  12-in.  cylinder  by  puddling  with  a 
54-in.  steel  bar,  then  withdrawing  the  metal  form  by  a  steady,  upward  pull.  The 
shortening  of  the  fresh  concrete  is  measured  in  inches.  This  is  the  “slump.”  The 
apparatus  used  for  lifting  the  form  is  shown  in  Fig.  1. 

Aggregate,  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1 in. 

Each  value  for  Cement  K  is  the  average  of  5  tests;  for  Cement  L  the  average 
of  3  tests. 


Mix  by 
Volume. 

Slump  for  Different  Consistencies,  in. 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

Cement  K-l- 

— (2.4).1 

Cement  L-l— 

-(7.1).i 

1:10 . 

2.9 

1.4 

3.0 

5.0 

6.8 

7.5 

7.4 

2.6 

4.1 

7.4 

7.6 

7.4 

1:7 . 

0.2 

0.4 

0.4 

4.7 

8.1 

8.6 

0.1 

0.1 

3.0 

4.2 

8.7 

8.0 

1:5 . 

2.8 

8.5 

3.8 

6.7 

8.8 

2.4 

0.7 

2.0 

5.8 

8.1 

1:4 . 

0.3 

0.9 

2.6 

8.3 

9.1 

0.3 

5.8 

4.4 

7.7 

8.8 

1:3 . 

0.6 

2.8 

5.9 

8.3 

9.3 

0.6 

3.6 

7.6 

8.9 

9.3 

1:2 . 

0.2 

0.8 

3.8 

7.9 

8.4 

0.4 

1.6 

7.0 

9.3 

10.3 

Average . 

1.2 

2.5 

3.2 

6.8 

8.4 

1.9 

2.4 

4.7 

7.2 

8.8 

7.7 

Cement  K-2- 

-(9.4).1 

Cement  L-2 — 

(16. 3).1 

1:10 . 

3.0 

5.3 

4.4 

1.9 

6.8 

7.6 

7.6 

5.8 

5.4 

0.1 

5.9 

6.8 

1:7 . 

1.5 

0.1 

0.3 

5.6 

7.0 

7.6 

0.2 

0.1 

0.3 

1.4 

2.8 

8.0 

1:5 . 

0.2 

0.6 

1.9 

4.3 

8.8 

0.1 

0.4 

2.2 

2.9 

3.9 

5.8 

1:4 . 

0.2 

0.6 

5.0 

6.0 

8.2 

0.2 

0.4 

2.3 

5.7 

6.1 

8.7 

1:3 . 

0.3 

0.9 

4.2 

7.4 

8.3 

0.2 

2.0 

6.7 

7.7 

8.6 

9.0 

1:2 . 

0.2 

0.8 

2.9 

8.0 

8.6 

0.1 

1.1 

3.4 

8.2 

9.1 

Average . 

0.9 

1.4 

3.1 

5.5 

8.0 

1.4 

1.6 

3.4 

4.3 

6.1 

7.7 

Cement  K-3- 

-(17.7) 

1 

Cement  L-3— 

(28.9). 

1:10 . 

6.9 

3.1 

4.3 

4.2 

6.6 

6.3 

7.1 

4.6 

4.4 

4.5 

7.0 

6.2 

1:7 . 

1.4 

0.2 

0.4 

0.4 

3.1 

8.0 

2.3 

0.2 

0.4 

2.7 

5.2 

8.1 

1:5 . 

0.1 

0.4 

1.3 

4.1 

6.9 

7.3 

0.1 

0.3 

0.9 

3.9 

3  1 

6.3 

1:4 . 

0.2 

2.0 

5.0 

6.0 

7.6 

0.1 

0.4 

1.5 

6.3 

4.5 

7.1 

1:3 . 

0.3 

2.0 

5.5 

7.8 

9.1 

0.2 

0.6 

5.0 

6.9 

7.9 

1:2 . 

0.2 

1.1 

4.6 

8.4 

8.3 

0.1 

2.9 

4.3 

8.7 

9.0 

Average . 

1.5 

1.5 

3.5 

5.2 

6.9 

1.6 

1.5 

2.7 

5.5 

6.1 

6.9 

Cement  K-4- 

-(27. 9). 1 

Cement  L-4— 

(32.3). 

1:10 . 

7.5 

6.2 

5.1 

5.7 

6.1 

7.0 

7.5 

7.2 

7.4 

4.8 

6.6 

5.9 

1:7 . 

3.0 

0.3 

0.1 

0.2 

5.0 

7.4 

2.4 

2.0 

2.6 

3.0 

2.0 

6.7 

1:5 . 

0.1 

0.2 

0.6 

1.5 

4.6 

0.1 

0.1 

0.4 

1.2 

4.8 

7.6 

1:4 . 

0.1 

0.4 

1.2 

4.2 

5.4 

4.2 

0.1 

0.5 

2.8 

4.2 

4.1 

1:3 . 

0.3 

1.5 

4.6 

7.9 

6.7 

0.1 

1.3 

5.3 

7.2 

7.1 

1:2 . 

0.3 

0.6 

5.2 

8.3 

8.3 

0.1 

0.6 

5.7 

8.2 

3.4 

Average . 

1.9 

1.5 

2.8 

4.6 

6.0 

1.7 

2.0 

4.0 

4.8 

4.7 

6.7 

Cement  K-5 — (36. 2).1_ Cement  L-5 — (43. 3).1 


1:10 . 

6.8 

7.4 

6.8 

4.3 

4.5 

6.4 

7.7 

7.7 

6.7 

4.0 

1:7 . 

3.6 

1.5 

0.2 

0.3 

1.6 

5.1 

6.7 

4.5 

2.7 

5.3 

1:5 . 

2.4 

0.2 

1.8 

1.1 

3.3 

4.8 

1.7 

0.1 

0.2 

1.3 

1:4 . 

0.1 

0.3 

1.8 

3.4 

3.9 

2.5 

0.1 

1.3 

4.1 

1:3 . 

0.2 

0.6 

4.4 

7.2 

5.9 

0.1 

0.3 

1.2 

6.7 

1:2 . 

0.1 

0.8 

5.3 

8.3 

8.3 

0.3 

0.8 

6.4 

8.6 

9.4 

Average . 

2.2 

1.8 

3.4 

4.1 

4.6 

3.2 

2.2 

3.1 

5.0 

1  Fineness  of  cement,  residue  on  No.  200  sieve. 
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Table  32 — Effect  of  Fineness  of  Cement  on  Yield  and  Density  of 
Concrete — Series  120. 

6  by  12-in.  cylinders. 

Aggregates,  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1 in. 

Yield  is  the  volume  of  concrete  produced  by  1  volume  of  mixed  aggregate. 
Density  is  the  total  solid  material  in  the  mass. 

Weights  were  determined  immediately  on  removal  from  the  forms. 

Each  value  is  the  average  of  S  tests  made  on  different  days. 


Mix 

Yield  for  Different  Consistencies. 

Density  for  Different  Consistencies. 

by 

Vol. 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

Average. 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

Average 

Cement  K-l — (2.4).1 


1:10... 

1.001 

1 

000 

0.993 

0 

995 

1 

002 

1 

052 

1 

007 

0.814 

0.815 

0.821 

0.820 

0.813 

0.774 

0.809 

1:7. . . 

0.995 

0 

993 

1.007 

1 

024 

1 

039 

1 

079 

1 

023 

0.840 

0.842 

0.831 

0.815 

0.804 

0.773 

0.817 

1:5.  . . 

1.018 

1 

038 

1.045 

1 

070 

1 

081 

1 

141 

1 

065 

0.848 

0.832 

0.826 

0.806 

0.797 

0.756 

0.811 

1:4.  .  . 

1.060 

1 

076 

1.090 

1 

119 

1 

146 

1 

195 

1 

114 

0.837 

0.825 

0.814 

0.794 

0.775 

0.743 

0.798 

1:3. .  . 

1.140 

1 

150 

1.164 

1 

187 

1 

218 

1 

285 

1 

191 

0.814 

0.807 

0.797 

0.783 

0.763 

0.722 

0.781 

1:2. . . 

1.294 

1 

289 

1.309 

1 

335 

1 

377 

1 

467 

1 

345 

0.779 

0.783 

0.770 

0.756 

0.733 

0.688 

0.751 

Avg... 

1.085 

1 

091 

1.101 

1.121 

1 

144 

1 

203 

1 

124 

0.822 

0.817 

0.810 

0.782 

0.781 

0.743 

0.794 

Cement  K-2 — (9.4),1 


1:10... 

1 

015 

1 

005 

0.991 

0 

987 

1 

008 

1 

035 

1.007 

0.802 

0.810 

0.822 

0.825 

0.808 

0.788 

0.809 

1:7.  .  . 

1 

020 

1 

005 

0.998 

1 

007 

1 

037 

1 

076 

1.024 

0.818 

0.831 

0.837 

0.829 

0.805 

0.776 

0.816 

1 :5 .  .  . 

1 

028 

1 

023 

1.036 

1 

052 

1 

079 

1 

127 

1.057 

0.840 

0.845 

0.833 

0.820 

0.800 

0.767 

0.817 

1:4.  . . 

1 

068 

1 

061 

1.075 

1 

088 

1 

120 

1 

175 

1.098 

0.830 

0.836 

0.825 

0.816 

0.792 

0.755 

0.809 

1:3.  .  . 

1 

160 

1 

130 

1.148 

1 

168 

1 

205 

1 

260 

1.178 

0.800 

0.822 

0.808 

0.795 

0.770 

0.737 

0.789 

1:2.  .  . 

1 

314 

1 

265 

1.291 

1 

320 

1 

358 

1 

447 

1.332 

0.767 

0.797 

0.780 

0.764 

0.743 

0.697 

0.758 

Avg.. . 

1 

101 

1 

082 

1.090 

1 

104 

1 

134 

1 

187 

1.116 

0.810 

0.824 

0.818 

0.808 

0.786 

0.753 

0.800 

Cement  K-3 — (17. 7). 1 


1:10... 

1.028 

1 

012 

1 

005 

0 

987 

1 

005 

1 

042 

1 

013 

0.793 

0.804 

0.810 

0.826 

0.810 

0.782 

0.804 

1:7.  .  . 

1.027 

1 

Oil 

1 

011 

1 

014 

1 

030 

1 

061 

1 

026 

0.813 

0.826 

0.826 

0.823 

0.810 

0.787 

0.814 

1:5.  .  . 

1.036 

1 

027 

1 

042 

1 

050 

1 

070 

1 

111 

1 

056 

0.833 

0.841 

0.829 

0.823 

0.807 

0.777 

0.818 

1:4.  .  . 

1.073 

1 

060 

1 

073 

1 

090 

1 

125 

1 

173 

1 

099 

0.827 

0.837 

0.827 

0.814 

0.788 

0.756 

0.808 

1:3.  .  . 

1.136 

1 

138 

1 

147 

1 

168 

1 

200 

1 

254 

1 

174 

0.817 

0.816 

0.810 

0.796 

0.772 

0.740 

0.792 

1:2.  .  . 

1.305 

1 

275 

1 

282 

1 

308 

1 

338 

1 

425 

1 

322 

0.772 

0.790 

0.785 

0.771 

0.753 

0.707 

0.763 

Avg... 

1.102 

1 

087 

1 

093 

1 

103 

1 

128 

1 

178 

1 

115 

0.809 

0.819 

0.814 

0.809 

0.790 

0.758 

0.800 

Cement  K-4 — (27. 9). 1 


1:10... 

1 

029 

1 

028 

1 

005 

1 

012 

1 

012 

1 

041 

1 

021 

0.792 

0.793 

0.811 

0.805 

0.805 

0.783 

0.798 

1:7.  .  . 

1 

032 

1 

020 

1 

Oil 

1 

006 

1 

030 

1 

070 

1 

030 

0.808 

0.818 

0.826 

0.830 

0.800 

0.776 

0.811 

1:5.  .  . 

1 

057 

1 

035 

1 

042 

1 

051 

1 

076 

1 

119 

1 

063 

0.817 

0.834 

0.828 

0.821 

0.802 

0.771 

0.812 

1:4.  .  . 

1 

088 

1 

072 

1 

081 

1 

091 

1 

127 

1 

173 

1 

105 

0.817 

0.826 

0.820 

0.812 

0.787 

0.756 

0.803 

1:3.  .  . 

1 

143 

1 

135 

1 

145 

1 

159 

1 

203 

1 

255 

1 

173 

0.812 

0.818 

0.811 

0.801 

0.771 

0.740 

0.792 

1:2.  . . 

1 

321 

1 

280 

1 

291 

1 

308 

1 

355 

1 

431 

1 

331 

0.763 

0.789 

0.780 

0.772 

0.744 

0.704 

0.759 

Avg.. . 

1 

112 

1 

095 

1 

098 

1 

104 

1 

135 

1 

182 

1 

120 

0.802 

0.813 

0.813 

0.807 

0.786 

0.755 

0.796 

Cement  K-5 — (36. 2),1 


1:10... 

1 

027 

1 

025 

1 

018 

1 

012 

1 

020 

1 

054 

1 

026 

0.794 

0.795 

0.801 

0.805 

0.800 

0.772 

0.794 

1:7.  . . 

1 

040 

1 

031 

1 

018 

1 

021 

1 

035 

1 

074 

1 

036 

0.803 

0.810 

0.822 

0.819 

0.807 

0.777 

0.806 

1:5.  .  . 

1 

056 

1 

041 

1 

054 

1 

058 

1 

082 

1 

116 

1 

068 

0.817 

0.829 

0.818 

0.816 

0.797 

0.774 

0.808 

1:4.  .  . 

1 

100 

1 

080 

1 

088 

1 

100 

1 

125 

1 

171 

1 

111 

0.806 

0.821 

0.816 

0.806 

0.788 

0.757 

0.799 

1:3.  .  . 

1 

165 

1 

135 

1 

143 

1 

164 

1 

195 

1 

246 

1 

175 

0.796 

0.818 

0.811 

0.797 

0.777 

0.745 

0.791 

1:2.  .  . 

1 

310 

1 

270 

1 

300 

1 

315 

1 

351 

1 

429 

1 

329 

0.770 

0.793 

0.775 

0.766 

0.745 

0.705 

0.759 

Avg.. . 

1 

116 

1 

197 

1 

104 

1 

112 

1 

135 

1 

182 

1 

124 

0.798 

0.811 

0.807 

0.802 

0.786 

0.755 

0.793 

1  Fineness  of  cement,  residue  on  No.  200  sieve. 
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Table  33 — Effect  of  Fineness  of  Cement  on  Yield  and  Density  of 
Concrete — Series  120. 

6  by  12-in.  cylinders. 

Aggregates,  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1  in. 

Yield  is  the  volume  of  concrete  produced  by  1  volume  of  mixed  aggregate. 
Density  is  the  total  solid  material  in  the  mass. 

Weights  were  determined  immediately  on  removal  from  the  forms. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 


Mix 

Yield  for  Different  Consistencies 

Density  for 

different  Consistencies. 

Vol. 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

Average. 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

Average. 

Cement  L-l — Fineness  7.1. 

1:10.. 

1.008 

1.012 

1.998 

1.000 

1.005 

1.042 

1.011 

0.809 

0.805 

0.816 

0.815 

0.810 

0.782 

0.806 

1-7.  . 

1.005 

0.998 

1.004 

1.021 

1.043 

1.070 

1.023 

0.830 

0.837 

0.831 

0.818 

0.800 

0.781 

0.816 

1:5.  .  . 

1.022 

1.029 

1.036 

1.052 

1.071 

1.120 

1.055 

0.844 

0.839 

0.834 

0.820 

0.806 

0.771 

0.819 

1:4.  .  . 

1.073 

1.073 

1.073 

1.101 

1.134 

1.175 

1.105 

0.826 

0.826 

0.826 

0.806 

0.781 

0.755 

0.803 

1-3 

1.112 

1.137 

1.153 

1.168 

1.198 

1.260 

1.171 

0.833 

0.816 

0.805 

0.795 

0.775 

0.737 

0.793 

1:2.  .  . 

1.270 

1.272 

1.302 

1.320 

1.359 

1.434 

1.326 

0.793 

0.791 

0.773 

0.763 

0.742 

0.703 

0.761 

Avg.. . 

1.082 

1.087 

1.094 

1.110 

1.135 

1.184 

1.115 

0.822 

0.819 

0.814 

0.803 

0.786 

0.755 

0.800 

Cement  L-2 — Fineness  16.3. 


110 

1 

036 

1 

027 

1.032 

1 

005 

1 

041 

1 

050 

1 

032 

0.787 

0.794 

0.790 

0.811 

0.782 

0.777 

0.790 

1:7.  .  . 

1 

049 

1 

019 

1.012 

1 

014 

1 

036 

1 

082 

1 

035 

0.796 

0.820 

0.824 

0.823 

0.806 

0.771 

0.807 

1:5... 

1 

056 

1 

035 

1.050 

1 

051 

1 

076 

1 

119 

1 

064 

0.818 

0.834 

0.822 

0.821 

0.803 

0.772 

0.812 

1:4.  .  . 

1 

088 

1 

073 

1.080 

1 

091 

1 

125 

1 

180 

1 

106 

0.816 

0.826 

0.821 

0.813 

0.788 

0.752 

0.803 

1-3  .  . 

1 

175 

1 

135 

1.150 

1 

159 

1 

203 

1 

248 

1 

183 

0.790 

0.817 

0.807 

0.801 

0.771 

0.744 

0.788 

1:2.  . . 

1 

350 

1 

280 

1.290 

1 

316 

1 

355 

1 

440 

1 

338 

0.747 

0.787 

0.782 

0.766 

0.744 

0.700 

0.741 

Avg.. . 

1 

112 

1 

095 

1.102 

1 

106 

1 

139 

1 

186 

1 

126 

0.792 

0.813 

0.808 

0.806 

0.782 

0.753 

0.790 

Cement 

L-3- 

-Fineness  28 

.9. 

1:10.. 

1 

050 

1 

055 

1.024 

1 

020 

1 

020 

1 

069 

1 

039 

0.776 

0.772 

0.795 

0.799 

0.799 

0.762 

0.784 

1:7.  . . 

1 

039 

1 

039 

1.023 

1 

032 

1 

057 

1 

079 

1 

045 

0.804 

0.804 

0.815 

0.808 

0.791 

0.774 

0.799 

1:5... 

1 

070 

1 

055 

1.048 

1 

058 

1 

090 

1 

118 

1 

073 

0.806 

0.818 

0.823 

0.816 

0.792 

0.772 

0.804 

1:4... 

1 

100 

1 

085 

1.085 

1 

098 

1 

124 

1 

171 

1 

110 

0.806 

0.818 

0.818 

0.808 

0.789 

0.757 

0.799 

1:3. .  . 

1 

182 

1 

150 

1.142 

1 

172 

1 

195 

1 

262 

1 

184 

0.785 

0.807 

0.812 

0.791 

0.777 

0.735 

0.784 

1:2.  .  . 

1 

377 

1 

261 

1.287 

1 

302 

1 

343 

1 

400 

1 

328 

0.732 

0.798 

0.783 

0.773 

0.750 

0.720 

0.759 

Avg.. . 

1 

136 

1 

108 

1.102 

1 

114 

1 

138 

1 

183 

1 

130 

0.785 

0.803 

0.808 

0.799 

0.783 

0.753 

0.788 

Cement 

L-4- 

-Fineness  32.3. 

110. 

1 

056 

1 

062 

1.055 

1 

040 

1 

040 

1 

115 

1 

061 

0.773 

0.767 

0.773 

0.783 

0.783 

0.731 

0.768 

1:7.  .  . 

1 

001 

1 

008 

1.051 

1 

040 

1 

041 

1 

094 

1 

000 

0.787 

0.782 

0.704 

0.709 

0  802 

0.763 

0.788 

1:5... 

1 

083 

1 

062 

1.061 

1 

062 

1 

089 

1 

123 

1 

080 

0.797 

0.812 

0.813 

0.812 

0.793 

0.768 

0.799 

1  -4 .  .  . 

1 

139 

1 

085 

1.079 

1 

089 

1 

123 

1 

160 

1 

112 

0.779 

0.817 

0.822 

0.815 

0.790 

0.765 

0.798 

1-3  .  . 

1 

195 

1 

126 

1.141 

1 

152 

1 

191 

1 

243 

1 

175 

0.777 

0.824 

0.813 

0.805 

0.779 

0.746 

0.791 

1:2.  .  . 

1 

345 

1 

270 

1.285 

1 

293 

1 

348 

1 

402 

1 

324 

0.749 

0.794 

0.784 

0.779 

0.748 

0.718 

0.762 

Avg.. . 

1 

150 

1 

112 

1.112 

1 

114 

1 

139 

1 

190 

1 

135 

0.777 

0.799 

0.799 

0.799 

0.782 

0.748 

0.784 

Cement 

L-5- 

-Fineness  43 . 3. 

1:10.. 

1 

.048 

1 

048 

1.038 

1 

039 

1 

069 

1 

051 

1 

049 

0.777 

0.777 

0.785 

0.784 

0.763 

0.775 

0.777 

1:7  .  . 

1 

.067 

1 

051 

1.064 

1 

045 

1 

053 

1 

162 

1 

074 

0.782 

0.795 

0.784 

0.799 

0.792 

0.718 

0.778 

1:5.  .  . 

1 

.090 

1 

075 

1.067 

1 

070 

1 

093 

1 

142 

1 

089 

0.792 

0.803 

0.810 

0.807 

0.789 

0.756 

0.793 

1:4. .  . 

1 

.138 

1 

112 

1.091 

1 

100 

1 

120 

1 

157 

1 

119 

0.780 

0.797 

0.813 

0.806 

0.792 

0.767 

0.792 

1-3  .  . 

1 

1 

.193 

1 

161 

1.155 

1 

165 

1 

195 

1 

230 

1 

183 

0.776 

0.798 

0.803 

0.796 

0.776 

0.754 

0.784 

1:2.  .  . 

.391 

1 

289 

1.300 

1 

295 

1 

340 

1 

412 

1 

338 

0.724 

0.782 

0.775 

0.778 

0.752 

0.714 

0.754 

Avg.. . 

1 

.154 

1 

123 

1.119 

1 

119 

1 

145 

1 

192 

1 

142 

0.772 

0.792 

0.795 

0.795 

0.777 

0.747 

0.779 
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Table  34 — Effect  of  Fineness  of  Cement  on  Yield  and  Density  of 
Concrete — Series  120. 

6  by  12-in.  cylinders. 

Aggregates,  sand  and  pebbles  from  Elgin,  Ill. 

Yield  is  the  volume  of  concrete  produced  by  1  volume  of  mixed  aggregate. 
Density  is  the  total  solid  material  in  the  mass. 

Weights  were  determined  immediately  on  removal  from  the  forms. 

Relative  consistency  1.10. 

Each  value  is  the  average  of  20  tests  made  on  5  days. 


Cement 

Ref.  No. 

0-No.  28 

0-No.  14 

0-No.  8 

0-No.  4 

0-%  in. 

0-%  in. 

0-1  Yi  in. 

Average. 

Yield  for  Different  Sizes  of  Aggregate. 


K-l . 

1.210 

1.170 

1.150 

1.151 

1.109 

1.108 

1.090 

1.141 

K-2 . 

1.196 

1.150 

1.130 

1.140 

1.099 

1  090 

1.075 

1.126 

K-3 . 

1.215 

1.148 

1.129 

1.139 

1.082 

1.089 

1.073 

1.125 

K-4 . 

1.245 

1.175 

1.146 

1.148 

1.098 

1.097 

1.081 

1.141 

K-5 . 

1.267 

1.180 

1.162 

1.155 

1.103 

1.095 

1.088 

1.150 

Average . 

1.227 

1.165 

1.143 

1.147 

1.098 

1.096 

1.081 

1.137 

Density  for  Different  Sizes  of  Aggregate. 


K-l . 

0.621 

0.653 

0.674 

0.704 

0.754 

0.791 

0.814 

0.716 

K-2 . 

0.628 

0.664 

0.686 

0.711 

0.760 

0.804 

0.825 

0.726 

K-3 . 

0.618 

0.665 

0.687 

0.712 

0.771 

0.805 

0.827 

0.726 

K-4 . 

0.603 

0.649 

0.677 

0.706 

0.761 

0.799 

0.820 

0.716 

K-5 . 

0.592 

0.646 

0.666 

0.702 

0.757 

0.800 

0.816 

0.711 

Average . 

0.612 

0.655 

0.678 

0.707 

0.760 

0.800 

0.820 

0.719 
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Further  studies  of  the  cements  by  means  of  the  air  analyzer  are  under 
way.  It  is  too  early  to  attempt  a  complete  discussion  of  the  function  of 
particles  of  various  sizes  in  cement. 

Mortar  Tests. — Mortar  tests  were  made  on  all  the  cements  used. 
Little  consideration  has  been  given  to  these  tests  in  the  foregoing  discus¬ 
sion;  however,  the  tables  give  the  complete  results.  The  compression 
tests  of  mortar  in  general  confirm  the  results  of  the  concrete  tests.  The 


Fig.  25 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete — 

Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  See  Table  23. 

Cement  K.  Relative  consistency  1.10. 

Similar  diagrams  may  be  drawn  for  other  consistences. 

briquette  tests  were  erratic  and  cannot  be  interpreted  as  showing  the  same 
relation  as  found  in  the  concrete  investigations.  Increase  in  strength  of 
mortar  with  the  fineness  of  the  cement  is  shown  in  Fig.  5,  6  and  10. 

Elongation  and  Contraction  of  Concrete. — Tests  on  the  elongation  and 
contraction,  due  to  storage  conditions,  were  made  on  180  6  by  12-in.  con¬ 
crete  cylinders  in  Series  120,  by  means  of  the  apparatus  shown  in  Fig.  4. 
The  tests  included  cements  of  5  different  finenesses,  6  different  mixtures, 
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and  6  different  consistencies.  Specimens  were  first  stored  in  damp  sand, 
followed  by  periods  of  air  and  water  storage.  The  results  of  the  tests 
are  given  in  Table  35.  Concrete  of  all  mixes  and  consistencies  showed 
expansion  in  damp  sand  and  water  storage  and  contraction  in  air.  The 
change  in  length  is  practically  independent  of  the  fineness  of  cement  and 
is  influenced  only  slightly  by  the  mix.  The  richer  mixtures  show  some¬ 
what  less  change  in  length  than  the  leaner  ones.  The  consistency  of  the 
concrete  had  little  or  no  influence  on  the  expansion  or  contraction. 


Fig.  26 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete — 

Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  See  Table  23. 

Cement  K.  Average  of  6  consistencies.  Compare  Fig.  29. 


Yield  and  Density  of  Concrete. — Yield  and  density  of  concrete  were 
calculated  for  tests  in  Series  118  and  120;  see  Tables  22,  32  to  34.  The 
yield  is  computed  on  the  basis  of  the  original  volume  of  the  mixed  aggre¬ 
gate,  the  unit  weights  of  aggregate  being  determined  by  the  method  de¬ 
scribed  above.  The  yield  is  not  appreciably  affected  by  the  fineness  of  the 
cement.  It  is  clearly  influenced  by  both  consistency  of  the  concrete  and 
the  mix.  For  usual  mixtures  and  consistencies  this  method  gives  yields 
only  a  little  higher  than  the  volumes  of  the  aggregate.  For  1 :5  mix  of 
aggregates  graded  to  1 in.  (Tables  32  and  33)  we  find  a  yield  of  about 
1.05.  For  similar  very  wet  mixtures  the  yield  is  increased  to  about  1.12. 
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Fig.  27 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete — 

Series  120. 

Compression  tests  of  6  by  12-in  cylinders.  See  Table  24. 

Cement  K.  Age  at  test  7  and  28  days. 

The  28-day  curve  for  the  1.10  consistency  is  the  same  as  the 
1:4  mix  in  Fig.  25. 

Similar  curves  may  be  drawn  for  the  3-month  tests. 


Compressive  Strength,  lb.  per  sq. in. 
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Fig.  28 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete — 

Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  See  Table  26. 

Cement  K.  Age  at  test  7  and  28  days. 

The  curves  for  the  0-lj4-in.  aggregate  are  the  same  as  for 
1.10  consistency  in  Fig.  27. 
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Fineness  of  Cement,  percent  Residue  on  No.  200  Sieve. 

Fig.  29 — Effect  of  Fineness  of  Cement  on  the  Strength  of  Concrete — 

Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  See  Table  23. 

Cement  L.  Average  of  6  consistencies.  Compare  Fig.  26. 

Similar  diagrams  may  be  platted  for  other  consistencies. 


Relative  Consistency. 

Fig.  30 — Effect  of  Consistency  on  the  Strength  of  Concrete — 

Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  Cement  K-3. 

See  Table  23. 

Similar  diagrams  may  be  platted  for  the  other  cements. 
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The  yield  is  increased  for  the  richer  mixtures  and  for  aggregates  of  small 
sizes. 

The  density  of  concrete  is  computed  on  the  basis  of  the  total  volume 
of  solids  in  the  mass.  For  ordinary  mixtures,  such  as  1 :5  or  1 :4,  for  usual 
consistencies,  the  density  is  about  0.82.  The  density  is  decreased  by  wet 
consistencies  or  aggregates  of  small  size.  Maximum  density  is  found 
with  mixtures  of  about  1 :7. 

Slump  Tests  for  Workability. — The  slump  tests  were  carried  out  on 
all  specimens  in  Series  118  and  120.  The  apparatus  used  in  making  this 


Fig.  31 — Water-ratio- Strength  Relation  for  Cement  K-3 — Series  120. 


Compression  tests  of  6  by  12-in.  cylinders.  See  Tables  23 
and  25. 

Similar  diagrams  may  be  platted  for  the  other  finenesses 
of  Cement  K. 

test  is  shown  in  Fig.  1.  The  data  from  slump  tests  on  these  series  are 
given  in  Tables  21,  30  and  31.  Each  value  is  the  average  of  3  to  5  de¬ 
terminations  made  on  different  days.  The  values  for  the  1:1  24  mixes  in 
Series  118  are  platted  in  Fig.  24.  The  slump  is  greatly  increased  for  the 
wetter  consistencies,  but  the  fineness  of  the  cement  has  little  influence. 
It  will  be  noted  that  the  water  proportioning  was  not  exactly  correct,  since 
the  curve  for  a  relative  consistency  of  1.00  should  have  been  horizontal, 
whereas  it  shows  a  slight  inclination. 

Slumps  for  Series  120  are  given  in  Fig.  33.  It  should  be  noted  that 
these  curves  are  based  on  the  average  of  6  different  mixtures.  The  tables 
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show  that  the  leaner  mixtures  and  the  wetter  consistencies  are  more 
affected  by  fineness  of  grinding  of  cement  than  are  the  mixtures  of  usual 
composition.  In  general,  it  may  be  said  that  for  the  richer  mixtures  and 
the  consistencies  usually  used  in  building  construction  the  fineness  of  tiie 
cement  has  no  appreciable  effect  on  the  workability  of  concrete  as  de¬ 
termined  by  the  slump  test. 


Fig.  32 — Water-ratio-Strength  Relation  for  Cements  K — Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  See  Tables  23 
and  25. 

Curves  constructed  from  diagrams  similar  to  Fig.  31. 


Unit  Weight  of  Cement—  The  unit  weight  of  cement  was  greatly 
changed  by  the  fineness  of  grinding.  Fig.  20  gives  the  relation  between  the 
weight  and  fineness  for  Cements  K  and  L.  The  finer  the  cement  the  less 
the  unit  weight.  For  the  cements  used  in  these  tests,  unit  weights  varied 
from  76  (residue  2.4  per  cent)  to  108  lb.  per  cu.  ft.  (residue  43.3  per 
cent).  The  different  cements  gave  quite  similar  results  in  this  respect. 
For  the  usual  range  in  fineness  the  weight  is  lowered  lb.  per  cu.  ft. 
for  each  1  per  cent  decrease  in  residue  on  the  No.  200  sieve.  It  should  be 
noted  that  in  using  94  lb.  per  cu.  ft.  as  a  uniform  basis  for  proportioning. 
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as  was  done  in  all  tests,  the  volume  of  the  cement  in  the  batch  varies  as 
much  as  35  per  cent.  If  the  concrete  had  been  proportioned  in  a  manner 
to  give  a  uniform  volume  of  cement  the  comparisons  would  not  have 
been  so  favorable  to  the  finer  cements.  It  is  interesting  to  note  that  early 
cement  specifications  were  based  on  the  theory  that  the  heavier  cement  was 
superior,  yet  at  the  same  time  they  insisted  on  fine  grinding.  These  two 
requirements  are,  of  course,  contradictory. 


Fig.  33 — Effect  of  Consistency  on  the  Workability  of  Concrete — 

Series  120. 

“Slump”  tests  of  6  by  12-in.  cylinders  made  with  apparatus 
shown  in  Fig.  1.  Cement  K.  See  Table  31. 

Each  value  is  the  average  of  30  tests  from  6  mixes. 


Normal  Consistency  of  Cement. — The  normal  consistency  of  cement 
(by  weight)  is  increased  with  fineness.  The  different  cements  gave  quite 
similar  results  in  this  respect.  The  normal  consistency  is  increased  about 
0.1  per  cent  (in  terms  of  weight  of  cement)  for  each  1  per  cent  reduc¬ 
tion  in  residue  on  the  No.  200  sieve.  The  normal  consistency  by  volume 
is  only  slightly  increased  with  the  fineness  of  grinding.  Normal  con¬ 
sistency  by  volume  is  the  same  as  the  water-ratio  for  neat  cement. 
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Time  of  Setting  of  Cement. — A  study  of  the  effect  of  fineness  on  the 
time  of  setting  of  cement  may  be  made  from  the  results  in  Table  4.  The 
Vicat  needle  tests  for  initial  sets  were  somewhat  erratic;  however,  the 
results  clearly  show  a  marked  reduction  in  the  setting  time  with  the  finer 
grinding  of  cement.  In  some  instances  the  time  of  set  is  reduced  to  such 
an  extent  that  the  cement  probably  could  not  be  used  in  construction  work. 


Fig.  34 — Effect  of  Size  of  Aggregate  on  the  Strength  of  Concrete — 

Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  Cement  K.  See 
Table  26. 

Similar  diagrams  may  be  constructed  for  the  7-day  and 
3-month  tests. 


Type  of  Aggregate. — Three  distinct  types  of  aggregate  were  used  in 
these  experiments.  The  bulk  of  the  tests  were  made  with  sand  and  pebbles. 
Tests  in  Series  118  included  burnt  shale  and  crushed  blast-furnace  slag. 
The  effect  of  fineness  of  cement  appears  to  be  independent  of  the  nature 
of  the  aggregate. 


Summary  and  Conclusions. 

A  summary  of  the  investigations  and  the  principal  conclusions  are 
given  at  the  beginning  of  this  paper. 
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0.10  0.15  0.20  0.25  0.30  0.35  0.40  0.45 


Ratio  of  Cement  to  Volume  of  Finished  Concrete. 

Fig.  35 — Effect  of  Quantity  of  Cement  on  the  Strength  of  Concrete — • 

Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  Cement  K-3. 

See  Table  23. 

Similar  diagrams  may  be  constructed  for  the  other  finenesses 
of  Cements  K  and  L. 


Percent  Change  in  Strength  for  I  percent  Change  in  Cement, 
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K  /  ;  L  /  =  x  K  3,  L3  —  o 

KZ  ,  L  2  =  •  A'  4  ;  L  4  =  a 

/C5,  £5=o 

Fig.  36 — Change  in  Strength  of  Concrete  with  Quantity  of  Cement — 

Series  120. 

Compression  tests  of  6  by  12-in.  cylinders.  Compare  Fig. 

13  and  14. 

Cements  K  and  L.  Age  at  test  28  days. 

Values  determined  from  curves  similar  to  those  in  Fig.  35. 
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lister; 

Proc.  Am.  Concrete  Inst.,  v.  18,  p.  457,  1918. 

Finer  cement  required  in  building  concrete  ships — 90%  must  pass  No.  200 
sieve.  Greater  strength  and  more  plastic  mixture  thus  obtained. 

Effect  of  Finenes's  of  Cement,  by  D.  A.  Abrams; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  19,  Part  II,  1919. 

Bull.  4,  Structural  Materials  Research  Lab.,  1919. 

98%  Through  200-Mesh, 

Concrete,  v.  14,  Jan.,  1919. 

Cement  of  this  fineness  now  a  commercial  product.  Not  quick-setting.  Used 
by  U.  S.  Shipping  Board  for  concrete  ships. 
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Method  of  Construction  of  Concrete  Ships,  by  R.  J.  Wig; 

Proc.  Am.  Concrete  Inst.,  v'.  15,  p.  260,  1919. 

Gives  results  of  tests  of  compressive  strengths  of  cements  of  various  fineness. 

Comparative  Tests  of  Normally  and  Finely  Ground  Cement, 

Concrete,  v.  16,  p.  260,  June,  1920. 

Tests  at  Bureau  of  Standards. 

Reground  Portland  Cement, 

Concrete  Products,  p.  45,  August,  1921. 

Series  of  tests  by  Pittsburgh  Testing  Laboratory. 

Relation  between  Fineness  of  Grinding  of  Cements  and  Their  Properties, 

Zement,  v.  10,  p.  663,  Dec.  29,  1921. 

Abs.  Chim.  et  Ind.,  v.  7,  p.  1150,  June,  1922. 

Fineness  of  Grinding  of  Portland  Cement  and  Its  Influence  on  Compressive  Resistance, 
by  Killig; 

Zement,  v.  10,  p.  433  and  445,  Sept.  1,  8,  1921. 

Chim.  et  Ind.,  v.  7,  p.  943,  May,  1922. 

Abs.  Chem.,  v.  16,  p.  2586,  1922. 

Laboratory  Experiments  on  the  Practice  of  Too  Fine  Grinding  of  Cement,  by  Dr. 
Kuhl; 

Zement,  v.  10,  No.  18,  1921. 

Value  of  Fineness  Tests;  Cements,  Limes  and  Plasters,  by  E.  C.  Eckel; 

Wiley  &  Sons,  1922. 


Methods  of  Measuring  Fineness  of  Portland  Cement  and  Other 
Powdered  Materials. 


Apparatus  for  Testing  Fineness,  by  Schiffner; 

Ding.  Poly.  Jl„  v.  230,  p.  147,  1878. 

Neue  Apparate  zum  Feinmahlen  und  Sieben  des  Cementes,  by  Tomei,  Kaemp,  and 
Delbriick; 

Ding.  Poly.  Jl.,  v.  241,  p.  68,  1881. 

Jahresbericht.,  p.  517,  1881. 

Neue  Siebeinrichtungen  fur  Cemente.  by  A.  Bernoully; 

Ding.  Poly.  Jl.,  v.  245,  p.  385,  1882. 

Jahresbericht,  p.  640,  1882. 

Apparatus  for  Determining  Fineness,  by  R.  Feret; 

Ann.  des  Ponts  et  Chaus.,  p.  348,  1890. 

Hints  on  Cement  Tests, 

Jl.  Assn.  Eng.  Soc.,  p.  455,  1891. 

Paper  before  Engrs..  Club  of  St.  Louis.  Discusses  relative  importance  of 
various  tests,  especially  fineness. 

Variations  in  Cement  Testing  Sieves,  by  L.  C.  Sabin; 

Eng.  News,  p.  651,  June  30,  1892. 

Principles  and  Practice  of  Agricultural  Analysis,  by  H.  A.  Wiley; 

Chemical  Publishing  Co.,  Easton,  Pa.,  1894,  Part  4,  p.  171. 

Bibliography  and  explanation  of  methods  of  determining  fineness  of  soils. 

Specifications  and  Methods  of  Determining  Fineness,  by  P.  Alexandre; 

Comm,  des  Methodes  d’Essai  des  Mat.  de  Const.,  p.  248,  1894. 

Various  methods  described  and  conclusions. 

Tests  of  Sifting,  by  Durand-Claye; 

Comm,  des  Methodes  d’Essai  des  Mat.  de  Const.,  v.  4,  p.  5,  1894. 

Tests  by  hand  and  machine  are  compared. 

Method  of  Determining  Fineness,  by  W.  Michaelis; 

Tonind.  Ztg.,  Aug.  24  and  Nov.  23,  1895. 

Abs.  Johnson’s  Materials  of  Construction,  5th  Ed.,  p.  380,  1919. 

Sand  and  Cement  Sifting,  by  M.  Gary; 

Mitt.  kgl.  Materialpruf.,  p.  294,  1896. 

Apparatus  for  Determining  Fineness,  by  Schoene; 

Chimie  de  Post.,  1897. 


Effect  of  Fineness  of  Cement 
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Ceramic  Calculations,  by  W.  Jackson; 

Trans.  Am.  Ceramic  Soc.,  v.  2,  p.  173,  1900. 

Methods  of  Measuring  Fineness,  by  W.  Jackson; 

Trans.  Eng.  Ceramic  Soc.,  v.  3,  pp  16  and  21,  1903. 

Etudes  sur  le  Fonctionnement  des  Appareils  de  Mouture  et  de  Pulverisation,  by 
R.  Feret; 

Baumaterialienkunde,  v.  9,  p.  169,  1904.  ...  .  ... 

Continued  grinding  is  progressive  subdivision  of  coarser  grains,  witnout 
altering  composition  of  remainder  of  the  powder. 


Calculation  of  Comparative  Fineness  of  Ground  Materials  by  Means  of  a  Surface 


Determination  of  the  Fineness  of  Cement  when  Ground,  by  W.  Michaelis; 
Tonind.  Ztg.,  Oct.  27,  1906. 


Portland  Cement,  by  R.  K.  Mead; 

Chemical  Publishing  Co.,  p.  390,  1906. 

Methods  of  making  fineness  tests  described. 

A  Standard  for  Fineness  of  Ground  Materials,  by  C.  F.  Binns; 
Trans.  Am.  Ceramic  Soc.,  v.  8,  p.  244,  1906. 


Methods  of  Determining  Fineness,  by  W.  P.  Taylor; 

Practical  Cement  Testing,  p.  64;  M.  C.  Clark  Publishing  Co.,  New  \ork.  1906. 


Air  Elutriation  of  Fine  Powders,  by  Cushman  and  Hubbard; 

Jl.  Am.  Chem.  Soc.,  v.  29,  No.  4,  1907. 

Methods  of  Determining  the  Degree  of  Fineness  of  Cements,  by  M.  Gary; 
Tonind.  Ztg.,  No.  13,  July,  1907. 

Determination  of  the  Finest  Powder  in  Portland  Cement,  by  M.  Peterson; 
Tonind.  Ztg.,  No.  33,  p.  1687,  1909. 

Determination  of  Finest  Powder  in  Hydraulic  Cements,  by  R.  Feret; 

Reun.  des  Membres  Francais  et  Beiges  de  l’Assn.  Int.,  Jan.  30,  1909. 


Mechanical  Cement  Shaker-Sieve,  by  T.  R.  Lawson; 

Eng.  News,  v.  62,  p.  728,  Dec.  30,  1909. 

Description  and  photograph  of  apparatus. 

Notes  on  Mechanical  Analysis  of  Clays,  by  Parmelee  and  Moore; 

Trans.  Am.  Ceramic  Soc.,  p.  467,  1909. 

Discusses  methods  used  fcr  determining  fineness  and  results. 

Tests  of  Grinding  and  Screening  of  Cement,  by  H.  Bauer; 

Tonind.  Ztg.,  May  1,  1909. 

Determination  of  Simplest  Method  for  Separation  of  Finest  Particles  in  Portland 
Cement  by  Liquid  and  Air  Processes,  by  M.  Gary; 

Proc.  Int.  Assn.  Testing  Mat.,  No.  X7,  1909. 

See  Appendix  by  M.  Peterson,  No.  Xr,  1909. 

Describes  Gary-Lindner  apparatus  for  determining  fineness. 


Testing  Laboratory  Accessories,  by  J.  M.  Porter; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  10,  p.  572,  1910. 

Photograph  and  description  of  cement  sieving  machine. 

Wind  Sifting  of  Cement  for  the  Determination  of  Fineness  of  Grinding,  and  Its  Effect 
on  the  Properties  of  the  Material,  by  G.  W.  Thompson; 

Mitt.  XVII  der  Danischen  Staatt  Matprfgsamt. 

Ingenioren,  v.  40,  1910. 

Classification  of  Fine  Particles  According  to  Size,  by  G.  W.  Thompson; 

Am.  Soc.  Testing  Mat.,  v.  10,  p.  601,  1910. 

Tests  made  with  pigments,  white  lead  paste,  etc. 

Mechanical  Shaker  for  Fineness  Tests  of  Cement,  by  A.  D.  Gates; 

Eng.  News,  v.  66,  p.  466,  Oct.  19,  1911. 

Describes  apparatus  used  for  determining  fineness  at  Panama  Canal. 
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Cement  Sieve  Specifications,  by  R.  Y.  Ferner- 
Eng.  Rec.,  Dec.  28,  1912. 

Work  of  Bureau  of  Standards  on  sieve  specifications  and  measurement. 


Air  Sifting  as  a  Method  for  Quantitative  Determination  of  the  Finest  Particles  Con¬ 
tained  in  Pulverulent  Materials,  by  R.  Feret; 

Proc.  Int.  Assn.  Testing  Mat.,  6th  Cong.,  XV2,  1912. 


Determination  of  the  Very  Fine  Powder  in  Portland  Cement,  by  M.  Peterson- 
Proc.  Int.  Assn.  Testing  Mat.,  6th  Cong.,  XV3,  1912. 

Discussion  of  tests  and  apparatus. 


Significance  of  Finest  Portland  Cement  Flour,  by  Schiile  and  Gottrau; 

Proc.  Int.  Assn.  Testing  Mat.,  6th  Cong.,  XV4,  1912. 

Tests  of  cement  made  with  Gary-Lindner  apparatus. 

Determination  of  Simplest  Method  for  Separation  of  Finest  Particles  in  Portland 
Cement,  by  M.  Gary; 

Proc.  Int.  Assn.  Testing  Mat.,  6th  Cong.,  XVi,  1912. 


Variation  in  Results  of  Sieving  with  Standard  Cement  Sieves,  by  Wig 
Technologic  Paper  28,  U.  S.  Bureau  of  Standards,  1913. 


and  Pearson; 


Estimation  of  Fine  Particles  in  Cement  by  Rate  of  Hydration,  by  H.  S.  Spackman; 
Proc.  Am.  Soc.  Testing  Mat.,  v.  13,  p.  714,  1913. 


Sieve  Test  for  Cement  that  Insures  Uniformity  in  Fineness,  by  G.  T.  Griesenauer; 
Dng.  .News,  Dec.  25,  1913. 

Discusses  variation  in  results  due  to  method  of  making  fineness  test,  as  re¬ 
gards  warp  and  short-wires. 

Determination  of  the  Finest  Flour  in  Portland  Cement,  by  A.  Hauenschild- 
Tonmd.  Ztg.,  v.  38,  p.  477,  1914. 

Jl.  Soc.  Chem.  Ind.,  v.  33,  p.  355,  1914. 

Analysis  of  cement  retained  on  each  sieve  and  effect  on  volume  change 
time  of  setting,  and  strength. 


Standarization  of  No.  200  Sieves,  by  Wig  and  Pearson- 
Technologic  Paper  42,  Bureau  of  Standards,  1914.’ 

Air  Analyzer  for  Determining  the  Fineness  of  Cement,  by  Pearson  and  Sligh- 
Technologic  Paper  48,  Bureau  of  Standards,  1915. 

Means  for  Determination  of  Fineness  of  Raw  Materials,  by  F.  W  Walker- 
Trans.  Am.  Ceramic  Soc.,  v.  18,  pp.  499  and  912,  1916. 

Treatise  on  Masonry  Construction,  by  I.  O.  Baker: 

10th  Ed.,  1918;  Wiley  &  Sons,  p.  61. 

Measurement  and  specifications  of  fineness. 

Solve  Mechanical  Problems  for  200-mesh  Cement,  by  Breerwood  and  Fuller- 
Concrete,  p.  25,  Feb.,  1919. 

Methods  of  Measuring  Fineness  of  Cements. 

Johnson’s  Materials  of  Construction,  5th  Ed.,  by  Withey  and  Aston,  p.  378  1919 
Various  methods  described. 


Nominal  and  True  Fineness  of  Cement, 

Concrete  &  Const.  Eng.,  v.  16,  p.  478,  1921. 

Method  of  measuring  fineness  with  any  sieve  described  and  method  of  com¬ 
paring  with  true  fineness. 

Stratification  of  Clay  Suspensions  and  Its  Use  in  the  Determination  of  the  Size  of 
Clay  Particles,  by  E.  Ungeren; 

Kolloidchem.  Beihefte,  v.  14,  pp.  3  and  63,  1921. 

Method  of  determining  fineness  described. 

Inadequacy  of  the  Sieve  Test  and  New  Ways  for  Investigating  Fineness,  by  Professor 
N  itzsche  * 

Zement,  No.  16,  17,  and  18,  1921. 

Grinding  and  Pulverizing  with  Air  Separation,  by  S.  B.  Kanowitz; 

Concrete  (CMS),  v.  20,  p.  109,  1922. 

Measurement  and  Records  of  Suspended  Impurities  of  the  Air,  by  G.  C.  Owens- 
Proc.  Royal  Soc.,  v.  101,  1922. 

Abs.  Eng.  &  Contr.,  p.  218,  Aug.  30,  1922. 
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FOREWORD  TO  REVISED  EDITION 


This  report  was  originally  published  in  the  copyrighted 
Proceedings  of  the  American  Society  for  Testing  Materials, 
Vol.  XIX,  Part  II,  1919.  Acknowledgment  is  made  to  the 
Society  for  permission  to  reprint  the  paper  in  bulletin  form. 

The  oral  and  written  discussions  which  appeared  in  the 
Proceedings  are  omitted  from  this  Bulletin. 

In  issuing  this  revised  edition,  Tables  1,  4,  14  and  15,  and 
Figures  11,  19,  21,  23,  24,  30,  32  and  33  have  been  revised  to 
include  tests  at  ages  of  2  to  5  years.  Only  a  few  minor  editorial 
changes  have  been  made  in  the  text.  Attention  is  called  to 
some  of  these  changes  in  foot  notes.  No  changes  in  the  original 
discussion  or  general  conclusions  have  been  made  necessary 
by  the  addition  of  data  of  the  long-time  tests. 

Appendix  A,  “Flexure  of  Reinforced  Concrete  Beams”  has 
been  reproduced  from  the  first  edition,  with  only  a  few  minor 
editorial  changes. 

The  following  'Bibliographies  have  been  added  to  the  revised 
edition: 

Appendix  B,  “Modulus  of  Elasticity  of  Concrete,” 

Appendix  C,  “Modulus  of  Elasticity  of  Stone  and  Other 
Non-Metallic  Materials  of  Construction.” 


MODULUS  OF  ELASTICITY  OF  CONCRETE. 

By  Stanton  Walker 


SUMMARY. 


Little  information  has  been  available  concerning  the  fundamental  laws 
that  govern  the  elastic  properties  of  concrete.  Values  of  modulus  of  elasticity 
are  used  in  the  design  of  reinforced  concrete  structures,  from  a  simple  beam 
to  the  complicated  members  of  a  concrete  ship.  Knowledge  of  proper  values 
of  modulus  of  elasticity  is,  therefore,  most  important  to  obtain  a  rational 
design. 

This  report  summarizes  compression  tests  on  about  4000  6  by  12-in. 
concrete  cylinders.  The  relation  between  the  modulus  of  elasticity  and 
strength  of  concrete  was  studied  for  the  following  variables:  size  and  grading 
of  aggregate,  kind  of  aggregate,  quantity  of  cement,  consistency  of  concrete, 
age  at  test,  time  of  mixing,  and  curing  conditions  of  concrete.  The  tests 
show  that  the  modulus  of  elasticity  is  affected  by  these  variables  in  the 
same  manner  as  the  strength.  Tests  are  reported  which  show  that  the  gage 
lengths  over  which  the  deformations  are  measured  have  little  effect  on  the 
value  of  the  modulus  of  elasticity. 

A  number  of  equations  have  been  offered  as  showing  the  relation  between 
stress  and  deformation  of  concrete  under  load.  A  study  of  the  stress-deforma¬ 
tion  data  for  our  tests  shows  that  this  relation  may  be  represented  by  the 
equation, 

s  -  Kdn . (1) 

where  s  =  unit  stress  of  concrete,  d  =  unit  deformation  of  concrete,  K  =  a 
constant  depending  on  the  strength  of  the  concrete,  and  n  =  an  exponent, 
approximately  constant. 

This  equation  applies  for  stresses  below  50  to  90  per  cent  of  the  ultimate 
strength,  or  below  what  may  be  termed  the  “yield  point”  of  the  concrete. 

There  is  a  general  belief  that  the  ratio  between  the  modulus  of  elasticity 
and  compressive  strength  of  concrete  is  approximately  constant.  Tests  on 
concrete  of  a  number  of  different  consistencies,  sizes  and  gradings  of  aggregate, 
mixes  ranging  from  1:15  to  neat  cement,  and  ages  ranging  from  7  days  to  5 
years,  show  that  there  is  a  general  relation  between  modulus  of  elasticity 
and  strength  of  concrete  for  mixtures  leaner  than  about  1-3,  but  that  this 
relation  is  not  linear.  The  relation  may  be  represented  by  an  equation  of 
the  form, 

E  =  CSm . (8) 

where  E  =  modulus  of  elasticity  of  concrete,  C  =  a  constant  depending  on  the 
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conditions  of  the  test,  S  =  compressive  strength  of  concrete,  andra  =  an  exponent. 

Four  different  measures  of  modulus  of  elasticity  of  concrete  are  in  more 
or  less  common  use,  as  follows: 

Ei . “Initial  tangent”  modulus; 

Et . “Tangent”  modulus  at  some  load; 

Es . “Secant”  modulus  to  some  load; 

Ed . “Chord”  modulus  between  two  loads. 

The  initial  tangent  modulus  for  usual  concrete  mixtures  may  be  repre¬ 
sented  by  the  equation, 

E{  =  33  000  S% . (13) 

For  the  tangent  modulus  at  25  per  cent  of  the  compressive  strength  Equation 
(13)  becomes, 

Em  =  66  000  S* . (14) 

A  nomographic  chart  showing  the  inter-relation  of  mix,  consistency,  size 
and  grading  of  aggregate,  strength,  and  modulus  of  elasticity  is  presented. 

A  study  of  data  from  other  sources  shows  that  the  stress-deformation 
relation  of  a  great  number  of  other  materials,  including  various  woods,  metals, 
stone,  brick,  brick  piers,  rubber,  rope,  and  concrete  of  many  kinds,  may  be 
represented  by  a  relation  of  the  same  form  as  that  given  for  concrete  in 
Equation  (1). 


MODULUS  OF  ELASTICITY  OF  CONCRETE 


Introduction 

Values  of  modulus  of  elasticity  of  concrete  are  used  in  the  design  of  rein- 
forced-concrete  structures,  from  a  simple  beam  to  the  complicated  members 
of  a  concrete  ship.  This  means  that  knowledge  of  proper  values  of  modulus 
of  elasticity  is  secondary  only  to  knowledge  of  proper  values  of  strength  if  a 
rational  design  is  to  be  made.  The  small  amount  of  available  data  on  this 
subject  has  encouraged  the  writer  to  present  the  material  contained  in  this 
report. 

These  tests  were  made  as  a  part  of  the  experimental  studies  of  concrete 
and  concrete  materials  being  carried  out  through  the  co-operation  of  Lewis 
Institute  and  the  Portland  Cement  Association  at  the  Structural  Materials 
Research  Laboratory,  Lewis  Institute,  Chicago. 

Modulus  of  elasticity  is  usually  defined  as  the  ratio  of  unit  stress  to  unit 
deformation  within  the  proportional  limit.  If  this  definition  is  interpreted 
strictly,  materials  that  are  not  perfectly  elastic  can  have  no  modulus  of 
elasticity.  We  therefore  prefer  to  define  modulus  of  elasticity  as: 

The  ratio  of  an  increment  of  stress  to  a  corresponding  increment  of 

deformation. 

This  definition  is  general  for  all  materials,  whether  or  not  they  are  perfectly 
elastic.  In  this  sense  only  perfectly  elastic  materials  have  a  constant  modulus 
of  elasticity.  Let  us  apply  this  definition  to  the  modulus  of  elasticity  of 
concrete. 

There  are  in  more  or  less  common  use  four  distinct  measures  of  this 
quantity.  They  are  as  follows: 

1.  The  “initial  tangent”  modulus  (Ei);  the  modulus  of  elasticity  deter¬ 
mined  by  the  ratio  of  stress  to  deformation  as  given  by  a  tangent  to  the  stress- 
deformation  curve  near  its  beginning.  It  will  be  shown  that  the  so-called 
initial  tangent  is  equivalent  to  a  secant  drawn  to  5  to  15  per  cent  of  the  com¬ 
pressive  strength. 

2.  The  “tangent”  modulus  (Et);  the  modulus  of  elasticity  determined 
by  the  ratio  of  stress  to  deformation  as  given  by  a  tangent  to  the  curve  at 
some  stress,  ordinarily  the  working  load. 

3.  The  so-called  “secant”  modulus  (Es);  the  modulus  of  elasticity  deter-, 
mined  by  the  ratio  of  stress  to  deformation  as  given  by  a  line  drawn  from  the 
origin  of  the  curve  to  some  stress,  ordinarily  the  working  load. 

4.  The  “chord”  modulus  (Ed);  the  modulus  of  elasticity  determined  by 
the  ratio  of  stress  to  deformation  as  given  by  the  chord  drawn  between  two 
points  on  the  curve,  ordinarily  defined  by  the  limits  of  stresses  for  working 
loads.  It  will  be  noted  that  the  chord  modulus  (Ed)  is  almost  identical 
with  the  tangent  modulus  (Et),  hence  no  study  of  it  is  presented. 
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Fig.  1  shows  the  graphical  conception  of  the  above  measures  of  modulus 
of  elasticity.  The  relation  shown  must  not  be  taken  as  typical  since  it  was 
necessary  to  exaggerate  the  curvature  for  purposes  of  reproduction. 

The  experimental  data  presented  in  this  report  are  based  on  compression 
tests  of  6  by  12-in.  concrete  cylinders  made  in  9  different  series  of  investiga¬ 
tions  carried  out  over  a  period  of  about  18  months  and  comprising  a  total  of 
about  10,000  specimens.  Details  are  given  of  the  results  of  about  4000  tests 
covering  the  effect  of  the  following  variables  on  the  modulus  of  elasticity. 

(a)  Size  and  grading  of  aggregate  (fine  sands  to  well-graded  concrete 
aggregates); 


( b )  Quantity  of  cement  (mixtures  varying  from  1:15  to  neat); 


Fig.  1 — Four  Methods  of  Determining  Modulus  of 
Elasticity  from  Stress-Deformation  Curve. 

Curvature  is  exaggerated  to  bring  out  these  relations  clearly. 


(c)  Quantity  of  mixing  water  (relative  consistencies  ranging  from  0.70 
to  2.00) ; 

(d)  Age  at  test  (7  days  to  5  years) ; 

(e)  Kind  of  aggregates  (pebbles,  granite,  limestone,  and  blast  furnace  slag) ; 

(/)  Curing  condition  of  concrete; 

(g)  Time  of  mixing  concrete. 

Studies  were  also  made  to  show  the  variation  in  modulus  of  elasticity  as 
affected  by: 

(h)  Stress  at  which  modulus  of  elasticity  is  measured  (up  to  50  per  cent 
of  the  compressive  strength  of  the  concrete) ; 
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( i )  Method  of  calculating  modulus  of  elasticity; 

O’)  Gage  length  over  which  deformations  were  measured  (4  to  10-in. 
on  a  6  by  12-in.  cylinder). 

In  general  the  data  on  modulus  of  elasticity  were  obtained  in  the  course 
of  investigations  carried  out  with  other  objects  in  view. 

These  tests  establish  the  form  of  the  stress-deformation  relation  for 
concrete.  This  relation  offers  an  accurate  method  for  the  determination  of 
modulus  of  elasticity,  and  shows  the  characteristics  of  the  various  measures 
of  this  function.  These  tests  show  that  the  modulus  of  elasticity  and  strength 
of  concrete  are  affected  in  a  similar  manner  by  the  variables  mentioned  above. 
For  a  wide  range  in  mixtures,  consistencies,  ages,  etc.,  the  relation  between 
modulus  of  elasticity  and  strength  may  be  represented  by  a  single  curve. 
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Materials 

The  portland  cement  used  in  these  tests  consisted  of  a  mixture  of  equal 
parts  of  4  brands  purchased  in  Chicago.  The  brands  were  thoroughly  mixed 
by  placing  one  sack  of  each  in  a  concrete  mixer  and  running  for  about  1 
minute.  Details  of  tests  of  cement  are  given  in  Table  1. 

The  aggregates  used  were  as  follows: 

Sand  and  pebbles  from  the  Chicago  Gravel  Co.,  Elgin,  Ill.; 

Crushed  limestone  from  the  Artesian  Stone  and  Lime  Works  Co., 
Chicago; 

Crushed  blast  furnace  slag  from  the  Illinois  Improvement  and  Ballast 
Co.,  Chicago; 

Crushed  granite  from  the  Wisconsin  Granite  Co.,  Berlin,  Wis. 
Miscellaneous  tests  of  the  aggregates  are  given  in  Table  2. 

The  water  was  from  the  city  water  supply  obtained  from  Lake  Michigan. 

Proportioning  and  Mixing  Concrete. 

All  mixtures  were  by  dry  volume;  they  are  referred  to  as  one  volume  of 
cement  to  a  given  number  of  volumes  of  mixed  aggregate.  No  distinction  is 
made  between  what  are  generally  termed  mortar  and  concrete  mixtures. 

The  weight  of  cement  was  assumed  as  94  lb.  per  cu.  ft. 

The  weight  per  cubic  foot  of  the  aggregate  was  determined  by  measuring 
in  a  machined  cast-iron  measure  having  a  capacity  of  ‘/5  cu.  ft.  and  inside 
diameter  equal  to  the  depth.  The  test  was  made  by  filling  the  measure  about 

full  and  puddling  with  a  %-in.  round  steel  bar  pointed  at  the  lower  end. 
Filling  and  puddling  were  continued  in  like  manner  until  the  measure  was  full. 
After  striking  off  with  a  straight  edge,  the  weight  was  determined.  This  is 
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the  method  recommended  by  Committee  C-9  on  Concrete  and  Concrete 
Aggregates  of  the  American  Society  for  Testing  Materials.*1 

The  hand-mixed  concrete  was  mixed  in  the  manner  regularly  followed  for 
making  such  tests  in  this  Laboratory.  Each  specimen  was  made  from  a  batch 
of  about  1/5  cu.  ft.,  which  was  proportioned  separately  and  mixed  with  a  brick¬ 
layer’s  trowel  in  a  shallow  metal  pan.  The  machine-mixed  concrete  was  mixed 
in  a  3J/5  cu-ft.  Smith  “Mascot”  mixer. 

The  amount  of  mixing  water  is  expressed  as  the  ratio  of  volume  of  water 
to  volume  of  cement.  This  so-called  “water-ratio”  has  been  shown  by 
Abrams&  to  be  the  best  criterion  of  the  strength  of  concrete. 

The  term  “consistency”  is  used  to  denote  the  plasticity  of  the  concrete. 
This  value  is  relative  and  does  not  indicate  the  actual  amount  of  mixing  water. 
The  consistency  called  normal  (relative  consistency,  1.00)  is  of  such  a  plasticity 
that  a  6  by  12-in.  concrete  cylinder  of  ordinary  mixtures  will  slump  3^2  to  1  in. 
upon  the  removal  of  the  metal  form  by  a  steady  upward  pull  immediately  after 
molding  the  specimen.®  An  addition  of  10  per  cent  of  water  (relative  consist¬ 
ency,  1.10)  will  give  a  slump  of  5  to  6  in.  A  relative  consistency  of  1.25  will 
cause  a  slump  of  about  8  to  9  in.  The  uniformity  with  which  the  slump  can 
be  determined  varies  considerably  with  the  richness  of  the  mix  and  nature  of 
the  aggregate. 

Test  Specimens. 

Specimens  were  made  in  cylindrical  steel  forms,  6  in.  in  diameter  and  12  in. 
long.  The  concrete  was  puddled  in  a  manner  similar  to  that  described  above 
for  determining  unit  weights  of  aggregates.  The  forms  were  placed  on 
machined  cast-iron  base  plates  to  insure  a  plane  bearing  surface  for  the  bottom 
of  the  cylinder.  Two  or  three  hours  after  finishing,  a  thin  layer  of  neat  cement 
paste  mixed  before  the  cylinder  was  molded,  was  placed  on  the  top  of  the 
specimen  and  a  smooth  surface  formed  by  means  of  a  glass  plate.  In  general, 
the  values  for  hand-mixed  concrete  are  the  average  of  5  specimens  made  on 
different  days.  The  values  for  machine-mixed  concrete  are  the  average  of  4 
specimens  from  different  parts  of  the  same  batch. 

In  general,  test  specimens  were  stored  in  damp  sand  until  the  day  of  test; 
2  to  5-year  test  pieces  were  cured  in  a  moist  room  after  age  of  about  1  year. 

Compression  Tests  of  Concrete. 

All  specimens  were  tested  in  a  200  000-lb.  Olsen  universal  testing  machine. 
A  spherical  bearing  block  was  used  to  obtain  an  even  distribution  of  the  load. 
In  general,  deformation  readings  were  taken  at  each  100-lb.  increment  up  to 

a.  (Note  to  Revised  Edition.)  This  method  is  now  standard  under  the  title  “Standard  Method  of 
Test  for  Unit  Weight  of  Aggregate  for  Concrete,”  Serial  Designation  C20-21. 

b.  See  “Design  of  Concrete  Mixtures,”  by  D.  A.  Abrams,  Bulletin  1,  Structural  Materials  Research 
Laboratory. 

c.  (Note  to  Revised  Edition.)  Present  practice  in  making  the  slump  test  for  consistency  or  workability 
of  concrete  requires  the  use  of  a  4  by  8  by  12-in.  truncated  cone.  For  concrete  of  a  given  consistency  the 
cone  gives  slumps  about  %  that  of  the  cylinder.  The  truncated  cone  is  specified  in  the  Progress  Report  of 
the  Joint  Committee  on  Standard  Specifications  for  Concrete  and  Reinforced  Concrete  and  is  used  in  the 
Tentative  Method  of  Tests  for  Consistency  of  Portland-Cement  Concrete  for  Pavements  or  Pavement  Base 
of  the  American  Society  for  Testing  Materials.  Serial  designation  D138-22T. 
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1000  lb.  per  sq.  in.,  and  at  each  500  lb.  per  sq.  in.  thereafter  until  near  failure. 
I  oi  tests  reported  in  rI  ables  4  to  12  at  ages  of  1  year  or  less,  readings  were 
taken  with  the  head  of  the  machine  traveling  about  0.01  in.  per  minute.  For 
tests  in  Tables  13  and  14  and  for  the  long  time  tests  in  Tables  4  to  12,  test 
loads  up  to  50  to  75  per  cent  of  the  ultimate  strength  were  applied  with  the 
head  of  the  machine  traveling  about  0.05  in.  per  minute.  Above  this  point  a 
speed  of  0.01  in.  per  minute  was  used.  The  machine  was  stopped  at  each 
increment  of  stress  long  enough  to  read  the  deformation  accurately.  A  special 
investigation  has  shown  that  the  rate  of  applying  the  load  below  50  to  75  per 
cent  of  the  ultimate  has  no  effect  on  the  strength.1  The  advantage  of  the 
latter  method  is  that  more  tests  can  be  mad  in  a  given  time  with  no  sacrifice 
of  accuracy.  Deformations  were  measured  over  a  6-in.  gage  length  for 
all  tests  except  those  reported  in  Table  12. 


Extensometers  Used  in  Concrete  Tests. 

A  detail  drawing  of  the  instrument  used  for  most  of  the  tests  reported  in 
this  paper  is  given  in  Fig.  2.  This  instrument  differs  from  those  used  in 
certain  other  laboratories  in  5  essentials: 

1.  The  bottom  yoke  is  attached  to  the  specimen  by  3  pointed  set  screws. 
The  design  allows  no  movement  of  this  yoke,  thus  stabilizing  the  instrument! 

2.  The  deformation  is  measured  by  an  Ames  dial  reading  to  0.0001  in. 

3.  The  average  deformation  of  the  cylinder  is  indicated  on  a  single  dial. 

4.  The  deformation  is  transmitted  to  the  dial  by  means  of  a  stiff  steel  rod. 

o.  The  dial  is  held  in  place  by  a  self-seating  wing  nut  and  can  be  readily 
removed  before  failure  of  the  specimen. 

The  spacing  bars  shown  in  the  plan  are  removed  after  the  instrument  is 
attached  to  the  cylinder.  The  distance  bar  A  maintains  one  side  of  the  yokes 
m  a  fixed  relation  to  each  other.  This  arrangement  causes  the  top  yoke  to 
rotate  about  its  points  of  contact  as  the  specimen  is  compressed.  Twice  the 
total  deformation  of  the  specimen  is  transmitted  to  the  Ames  dial. 

This  instrument  was  used  on  all  tests  except  those  reported  in  Series  89, 
Table  5,  about  one-half  of  the  tests  for  ages  less  than  a  year  in  Series  93  (Tables 
6,  7  and  8),  and  on  all  tests  at  ages  less  than  a  year  in  Series  83  (Table  4). 

The  instrument  used  in  the  earlier  tests  had  the  same  frame  as  that  shown 
in  F  ig.  2  except  that  there  were  only  two  set  screws  in  the  bottom  yoke.  A 
Johnson  wire-wound  dial  was  used  in  place  of  the  Ames  dial.  The  face  of  this 
instrument  is  divided  in  such  a  manner  that  direct  readings  of  0.001  in.  can 
be  made;  a  vernier  makes  possible  readings  to  0.0001  in.  The  arc  representing 
0.001  in.  deformation  on  the  Johnson  instrument  is  about  equal  to  that  repre¬ 
senting  0.000025  in.  deformation  on  the  Ames.  Aside  from  the  difference  in 
the  divisions  of  the  dial  faces,  the  Johnson  instrument  is  not  as  sensitive  as 

Proc!^m.  Soc.CTestii^eMaL,PVolfx^lfpart<\l°p!13640(T9)17)f*Ve  Strength  °f  C°nCrete'”  by  D'  A'  Abram8’ 
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the  Ames.  Movement  of  the  indicator  on  the  Johnson  instrument  is  caused 
by  a  fine  wire.  There  is  always  a  certain  amount  of  slack  in  the  wire,  and  slip 
about  the  drum  of  the  dial.  This  slack  and  slip  is  sometimes  sufficient  to 


Fig.  2. — Extensometer  for  Compression  Tests  of  6  by  12  in.  Concrete  Cylinders. 

cause  a  stress-deformation  curve  with  an  increasing  slope,  a  relation  which  is 
not  found  in  concrete  and  which  is  characteristic  of  only  a  few  materials  such 
as  rubber. 

Stress-Deformation  Relation. 

There  appears  to  be  no  general  agreement  among  writers  as  to  the  form  of 
the  stress-deformation  relation  for  concrete.  Some  writers  are  of  the  opinion 
that  for  the  lower  loads  this  is  represented  by  a  straight  line;  while  most 
writers  hold  that  there  is  a  decreasing  slope  from  the  beginning. 
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A  number  of  formulas  have  been  offered  as  representing  the  relation 
between  stress  and  deformation  for  concrete.  The  tests  reported  in  this 
paper,  and  several  thousands  not  included,  indicate  that  this  relation  is  of 
the  form, 

s  =  Kdn . (1) 

where  s  =  unit  stress  in  the  concrete,  d  =  unit  deformation  of  concrete, 
K  =  a  constant  depending  on  the  strength  of  the  concrete,  and  n  =  an 
exponent,  approximately  constant. 


Fig.  3. — Typical  Stress-Deformation  Curves  for  Concrete. 

Data  from  Tabic  3. 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix  1:4. 

Sand  and  pebble  aggregate. 

Gage  length  6  in. 

The  following  table  gives  further  details  of  the  tests: 


1 

Ref.  No. 

Size  of 
Aggregate 

4 

Relative 

Consistency 

Compressive 
Strength 
lat  3  m. 
lb.  per  sq.  in. 

187-c 

0-1  a 

0.90 

4010 

188-c 

o-i  yi, 

1.00 

5210 

190-c 

0-1  Vi 

1.25 

4200 

221-c 

0-8 

1.10 

1890 

224-c 

0-8 

1.10 

1060 
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Bach  gives  a  similar  law.  Morsch1  says,  “The  deformation  curves  found 
by  Bach  are  so  regular  that  they  may  be  represented  by  an  exponential  equa¬ 
tion,  the  relation  between  compression  and  stress  being  such  that 

d  =  asr . (2) 

where  d  =  unit  deformation  of  concrete,  a  =  a  constant,  s  =  unit  stress  in 
concrete,  and  r  =  an  exponent.” 

Eq.  2  is  of  the  same  nature  as  Eq.  1  and  can  readily  be  converted  to  the 
same  form. 

Fig.  3  gives  typical  stress-deformation  diagrams  for  concrete  tested  in  this 
Laboratory.  It  is  known  from  mathematical  considerations  that  an  equation 


Fig.  4. — Typical  Stress-Deformation  Curves  for  Concrete. 

Same  data  as  in  Fig.  3,  platted  to  logarithmic  scales. 


of  the  form  of  Eq.  1  or  2  will  give  a  straight  line  when  platted  on  logarithmic 
co-ordinates.  Fig.  4  gives  the  same  data  as  Fig.  3,  except  that  stresses  and 
deformations  are  platted  to  logarithmic  scales.  All  of  the  curves  give  straight 
lines,  thus  showing  that  they  may  be  represented  by  the  form  given  in  Eq.  1 
and  2  within  the  range  of  readily  measured  loads  and  below  stresses  of  50  to 
90  per  cent  of  the  compressive  strength.  In  general,  the  exact  location  of  the 
point  where  this  law  no  longer  holds  was  not  definitely  determined,  due  to  the 
necessity  of  removing  the  Ames  dial  before  failure  of  the  specimen.  It  seems 
probable  that  this  point  is  approximately  the  same  as  the  “yield  point”  men- 


iSee  “Concrete-Steel  Construction”  (Translation  of  Morsch’s  “Der  Eisenbetonbau”),  by  E.  P. Goodrich. 
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tioned  by  certain  writers.  The  determination  of  “yield  point”  is  discussed  in 
detail  on  page  48. 

For  the  data  given  in  Fig.  3  and  4,  measurements  were  taken  at  shorter 
intervals  for  the  higher  loads  than  is  our  custom,  for  the  purpose  of  showing 
more  definitely  the  range  over  which  the  law  given  in  Eq.  1  holds.  The  values 
of  initial  tangent  modulus  given  in  Fig.  3  should  not  be  taken  as  necessarily 
typical  for  the  concrete  used,  since  only  one  specimen  is  represented  in  each 
curve. 

Table  3  illustrates  the  manner  in  which  the  deformations  for  typical  con¬ 
crete  as  calculated  by  Eq.  1  compare  with  the  measured  deformations.  The 
data  for  this  table  are  from  the  same  tests  as  those  given  in  Fig.  3  and  4. 


Fig.  5. — Typical  Stress-Deformation  Curves  for  Miscellaneous" M aterials. 

Data  from  “Tests  of  Metals”  (Watertown  Arsenal,  1895  to  1904). 

Having  determined  the  constants  required  for  Eq.  1,  the  unit  deformations 
were  calculated  for  the  stresses  shown.  The  calculated  values  give  a  satis¬ 
factory  agreement  with  those  determined  in  the  test. 

The  law  expressed  by  Eq.  1  has  been  found  to  hold  for  other  materials  as 
well  as  for  concrete.  Fig.  5  and  6  show  stress-deformation  curves  for  several 
materials,  platted  from  data  found  in  “Tests  of  Metals”  (Watertown  Arsenal, 
1895  to  1904).  Fig.  7  and  8  show  the  same  curves  platted  to  logarithmic 
scales.  The  curves  platted  in  this  form  give  straight  lines,  consequently  they 
may  be  represented  by  a  function  of  the  type  of  Eq.  1.  Data  from  numerous 
other  tests  were  platted  and  found  to  follow  the  same  law.  These  tests 


12 


Structural  Materials  Reserach  Laboratory 


included  various  woods,  metals,  stone,  brick,  brick  piers,  rubber,  rope,  and 
concrete  of  many  kinds.  An  unsuccessful  search  has  been  made  for  stress- 
deformation  data  from  either  compression  or  tension  tests  that  do  not  follow 
this  law.  It  appears,  therefore,  that  the  law  stated  above  is  general  for  all 
materials.  Bach  showed  that  this  equation  may  be  used  to  express  the  stress- 
deformation  relation  for  certain  materials  other  than  concrete. 

In  studying  data  platted  on  logarithmic  co-ordinates,  it  should  be  borne  in 
mind  that  small  discrepancies  are  apparently  greatly  exaggerated  for  the  lower 
loads.  On  logarithmic  coordinates  the  distance  representing  a  change  in 


Unit  Deformation,  inches  per  inch. 

Fig.  6. — Typical  Stress-Deformation  Curves  for  Miscellaneous  Materials. 

Data  from  “Tests  of  Metals”  (Watertown  Arsenal,  1895  to  1904). 

deformation  from  0.0001  in.  t®  0.0002  in.  is  the  same  as  that  representing  a 
change  of  0.01  in.  to  0.02  in.,  etc. 

Methods  of  Calculating  Modulus  of  Elasticity.—1 The  methods  of  calculating 
the  secant  and  chord  moduli  are  apparent.  The  secant  modulus  is  the  stress 
divided  by  the  deformation  at  a  given  load.  The  chord  modulus  is  the  differ¬ 
ence  in  stresses  divided  by  the  difference  in  deformations  over  the  chosen 
increment. 

It  is  not  easy  to  arrive  at  the  tangent  modulus  accurately  unless  the  form 
of  the  curve  is  known.  Eq.  1  indicates  that  the  true  initial  tangent  modulus 
is  infinity,  if  the  equation  holds  to  the  origin  of  the  stress-deformation  curve. 
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Instruments  of  sufficient  delicacy  are  not  available  to  determine  this,  but  since 
this  equation  represents  the  relation  for  measurable  loads  below  the  point 
called  the  “yield  point,”  it  appears  altogether  reasonable  to  conclude  that  it 
holds  for  the  very  low  loads.  If  the  stress-deformation  curve  is  platted  to  an 
exaggerated  scale,  and  a  smooth  curve  drawn  to  the  origin,  it  will  be  found  that 
the  curve  is  of  the  form  shown  by  Eq.  1. 

The  slope  of  the  tangent  at  a  given  point  on  a  curve  is  the  first  derivative 
of  the  function  representing  this  curve.  This  gives  from  Eq.  1, 

. <*> 


Fig.  7. — Typical  Stress-Deformation  Curves  for  Miscellaneous  Materials. 

Same  data  as  in  Fig.  5,  platted  to  logarithmic  scales. 


Also, 


Substitutingjin  Eq.  3, 


s  Kdn  K 
d  d  dl'n 


(4) 


Et 


ns 

d 


By  definition, 


(5) 
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Therefore, 

Et  =  nEs . (7) 

Es  can  be  obtained  directly  from  the  stress-deformation  data.  (See  Eq.  6. ) 
The  most  accurate  method  of  determining  n  is  to  plat  the  stress-deformation 
curve  to  logarithmic  scales.  The  logarithmic  form  is  desirable  since  it  affords 
a  ready  means  of  determining  the  average  curve.  It  is  much  easier  to  draw  a 
correct  average  line  through  points  which  may  be  represented  by  a  straight 
line  than  through  points  which  fall  on  a  curved  line,  the  degree  of  curvature 
of  which  is  not  known.  When  platting  the  stress-deformation  data  on  logar- 
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Fig.  8. — Typical  Stress-Deformation  Curves  for  Miscellaneous  Materials. 

Same  data  as  in  Fig.  6,  platted  to  logarithmic  scales. 


ithmic  co-ordinates,  one  must  be  sure  that  the  instrument  registered  zero  at 
zero  load,  or  that  the  proper  correction  has  been  made.  If  care  is  not  taken 
at  this  point  the  true  relation  will  not  be  found.  This  Laboratory  has  found 
the  use  of  the  logarithmic  co-ordinates  most  satisfactory  in  computing  values 
of  modulus  of  elasticity  from  the  observed  data. 

Determination  of  Constants. — 'Having  platted  the  stress-deformation  curve 
on  logarithmic  co-ordinates,  it  is  easy  to  determine  the  constants  K  and  n.  It 
may  be  well  to  give  a  brief  description  of  the  working  method. 

The  exponent  n  is  the  slope  of  the  straight  line,  measured  by  the  logarithms 
of  the  stresses  and  deformations.  It  may  be  calculated  as  the  logarithm  of 
the  ratio  of  the  stress  at  any  deformation  to  the  stress  at  one-tenth  of  that 
deformation.  K  is  the  stress  at  a  unit  deformation  of  1,  expressed  in  pounds 
per  square  inch.  It  may  be  calculated  easiest  as  the  anti-logarithm  of  the 
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quantity  4n  plus  the  logarithm  of  the  stress  at  a  unit  deformation  of  0.0001. 
For  example,  in  Fig.  4  the  value  of  n  for  Specimen  187  C  may  be  calculated  as 
the  logarithm  of  the  ratio  of  the  stress  at  a  unit  deformation  of  0.0002  to  the 

stress  at  0.00002.  Then  n  =  log.  — —  =  0.81.  For  the  same  case  K  =  anti- 

167 

log.  (4X0.81-4- log.  600)  =  1  040  000  lb.  per  sq.  in. 

It  has  been  shown  in  Eq.  7  that  n  may  be  expressed  as  the  ratio  of  tangent 
modulus  to  the  secant  modulus  at  the  same  load.  In  Fig.  9,  10  and  11  the 


Secant  Modulus,  lb. per  scj.  in  . 


Fig.  9. — Relation  of  Tangent  Modulus  to  Secant  Modulus. 

Average  value  of  n  for  the  tests  in  Table  12. 

Based  on  28-day  compression  tests  of  6  by  12-in.  cylinders  for  4  mixtures. 

Sand  aiid  pebble  aggregate;  graded  0-134  in. 

Relative  consistency  1.00. 

Each  value  is  the  average  of  80  tests,  20  each  from  4  gage  lengths. 

Compare  Fig.  10  and  11. 

secant  modulus  is  platted  against  the  tangent  modulus.  This  relation  is  repre¬ 
sented  by  a  straight  line  passing  through  the  origin.  The  slope  of  this  line  is 
the  average  value  of  n.  These  data  are  from  Tables  12,  13  and  14.  This 
indicates  that  for  a  given  series  of  tests  n  is  approximately  constant.  The 
relations  shown  in  Fig.  9  and  11  are  very  uniform,  while  for  Fig.  10  they  are 
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somewhat  less  uniform.  The  graphically  determined  averages  for  n  are  0.80, 
0.90  and  0.92  for  Fig.  9,  10  and  11,  respectively. 

K  varies  with  the  strength  of  the  concrete  and  is  greatly  influenced  by 
small  changes  in  the  value  of  n.  Tables  12,  13  and  14  give  values  of  K  for 
concrete  of  different  composition,  age,  etc.  The  values  of  K  and  n  in  the 
tables  do  not  check  exactly  with  the  moduli  of  elasticity,  due  to  the  fact  that 
average  values  determined  from  the  tests  are  reported,  instead  of  moduli  from 
an  average  equation.  It  will  readily  be  seen  that  the  average  constants  of 
exponential  equations  do  not  give  the  same  result  as  an  average  of  the  results 
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Fro.  10. — Relation  of  Tangent  Modulus  to  Secant  Modulus. 

Average  value  of  n  for  concrete  in  Table  13. 

Based  on  28-day  compression  tests  of  6  by  12-in.  cylinders  for  different  mixtures, 
consistencies  and  gradings  of  aggregate. 

Sand  and  pebble  aggregate. 

Compare  Fig.  9  and  11. 


of  the  individual  equations.  However,  the  difference  is  very  small  in  this  case, 
as  the  constants  vary  over  a  narrow  range. 

Nomographic  Chart  for  Stress-Deformation  Relation. — For  material  of  a 
given  composition  under  load,  stress  and  deformation  vary  with  a  fixed  relation 
to  each  other.  Therefore,  if  the  constants  K  and  n  are  known  and  the  stress 
is  assumed,  the  corresponding  unit  deformation  can  be  determined;  or  the 
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unit  stress  can  be  calculated  if  the  unit  deformation  is  assumed.  Fig.  12  gives 
a  nomographic  chart  for  solving  Eq.  1.  In  the  example  worked  out  on  the 
chart  K  is  assumed  as  800  000  lb.  per  sq.  in.  and  n  =  0.75.  For  these  con¬ 
ditions  concrete  stressed  to  800  lb.  per  sq.  in.  would  have  a  unit  deformation 
of  0.0001.  (For  a  discussion  of  the  principles  of  nomographic  charts  see 
“Graphical  and  Mechanical  Computation,”  by  Lipka.) 

Discussion  of  Tests. 

Tests  are  reported  showing  the  effect  of  a  number  of  different  variables  on 
the  modulus  of  elasticity  and  strength  of  concrete. 

Effect  of  Gage  Length. — A  series  of  tests  was  carried  out  for  the  purpose  of 
discovering  the  influence  of  the  gage  length  over  which  the  deformations  were 


Secant  Modulus  -  lb  per  sq. in. 

Fig.  11. — Relation  of  Tangent  Modulus  to  Secant  Modulus. 

Average  value  of  n  based  on  tests  of  6  by  12-in.  concrete  cylinders  at  7  d.,  28  d.,  3  m., 

1  y.  and  2  y.  for  a  wide  range  of  mixtures,  consistencies  and  gradings  of  aggregate. 

Sand  and  pebble  aggregate. 

Compare  Fig.  9  and  10. 

measured  on  the  value  of  the  modulus  of  elasticity  of  concrete  when  loaded 
in  compression.  This  series  included  tests  on  concrete  of  4  mixes:  1  :  7,  1  :  5, 
1  :  4  and  1  :  3.  The  aggregate  was  sand  and  pebbles,  graded  0-1 M  in.  The 
concrete  was  of  normal  consistency  (relative  consistency,  1.00).  Each  set  of 
tests  consisted  of  20  specimens  made  on  different  days.  Details  of  the  data 
are  given  in  Table  12.  Measurements  were  taken  over  gage  lengths  of  4,  6, 
8  and  10  in.  on  6  by  12-in.  cylinders.  In  Fig.  13  the  average  of  all  of  the 
mixes  is  platted  to  show  the  effect  of  gage  length.  The  tests  show  that  the 
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gage  length  over  which  deformations  were  measured  had  little  effect  on  the 
value  of  the  elasticity,  hence  all  of  the  values  obtained  for  each  mix  have  been 
averaged,  thus  securing  moduli  of  elasticity  and  strengths  based  on  80  tests. 

Effect  of  Grading  of  Aggregate. — A  measure  of  the  size  and  grading  of  aggre¬ 
gate,  termed  the  fineness  modulus l}  has  been  developed  as  a  result  of  experi¬ 
mental  work  carried  out  in  this  Laboratory  by  Professor  Abrams.  The 
fineness  modulus  is  the  sum  of  the  percentages  in  the  sieve  analysis,  divided 
by  100,  when  the  sieves  shown  in  Table  2  are  used.  The  sizes  of  sieves  used 
and  the  method  of  recording  the  sieve  analysis  are  given  in  Table  2.  It  has 
been  shown  that  the  fineness  modulus  may  be  used  as  a  measure  of  the  quantity 


Fig.  12. — Nomographic  Chart  for  Solving  s  =  Kdn. 


of  water  necessary  to  produce  concrete  of  a  given  plasticity  using  aggregates 
of  different  sizes  and  gradings. 

Fig.  14  to  16,  inclusive,  show  the  effect  of  size  and  grading  of  aggregate  on 
the  modulus  of  elasticity  and  strength  of  concrete  of  various  mixtures,  ages,  etc. 

Fig.  14  shows  the  effect  of  size  of  aggregate  on  the  strength  and  initial 
tangent  modulus  for  a  1  :  5  mix  and  1.10  consistency.  The  details  of  the  tests 

JFor  a  discussion  of  this  function,  see  “Design  of  Concrete  Mixtures,”  by  D.  A.  Abrams,  Bulletin  1, 
Structural  Materials  Research  Laboratory.  See  also  “Examples  of  the  Application  of  Abrams’  Water-Ratio 
to  Proportioning  Concrete,”  by  S.  Walker,  Proc.  Am.  Concrete  Inst.,  1920. 
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are  given  in  Table  7.  The  importance  of  a  well-graded  aggregate  is  apparent 
from  these  curves.  For  example,  for  the  28-day  tests  the  strength  obtained 
from  an  ordinary  torpedo  sand  is  about  500  lb.  per  sq.  in.,  while  that  obtained 
from  the  ff-l^-in.  aggregate  is  1800  lb.  per  sq.  in.,  an  increase  of  260  per  cent. 
For  the  same  conditions  the  moduli  of  elasticity  are  1  800  000  and  3  600  000  lb. 
per  sq.  in.  respectively,  or  an  increase  of  100  per  cent.  The  values  from  these 
tests  are  low,  probably  due  to  the  fact  that  the  specimens  were  made  during 
the  winter  and  stored  in  the  basement  where  the  temperature  was  somewhat 


E 

O 

O 


Gage  Length,  in . 

Fig.  13. — Effect  of  Extensometer  Gage  Length  on  the  Value  of  the  Modulus 

of  Elasticity. 


Data  from  Table  12. 

28-day  compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate;  graded  0-  V/i  in. 

Relative  consistency  l.OO. 

Each  value  is  the  average  of  80  tests,  20  each  from  4  mixtures. 


Fig.  15  gives  additional  data  on  the  effect  of  size  of  aggregate  on  the 
modulus  of  elasticity  at  various  percentages  of  the  compressive  strength  for 
the  average  of  the  1  : 3  and  1  :  5  mixes  in  the  first  and  second  groups  of 
Table  13. 

Fig.  16  shows  the  effect  of  varying  the  proportions  of  fine  and  coarse  aggre¬ 
gate  for  a  1  :  5  mix  and  relative  consistency  of  1.00.  The  relation  is  shown 
for  the  strength,  “initial  tangent”  modulus,  and  “tangent”  modulus  at  stresses 
varying  from  5  to  50  per  cent  of  the  compressive  strength.  These  data  illus- 
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Fineness  Modulus  of  Aggregate. 


Fig.  14. — Effect  of  Size  of  Aggregate  on  Modulus  of  Elasticity. 

Data  from  Table  7. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate. 

Relative  consistency  1.10. 

Each  value  is  the  average  of  24  tests  from  6  times  of  mixing. 

Compare  Fig.  15  and  16. 
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trate  the  importance  of  combining  the  fine  and  coarse  aggregate  in  the  proper 
proportions.  , 

All  of  these  curves  show  that  both  the  modulus  of  elasticity  and  strength 
are  greater  for  the  coarser  aggregates — higher  fineness  moduli — up  to  a  certain 
point  beyond  which  this  relation  does  not  hold.1  Similar  relations  are  found 
for  data  given  in  Tables  4,  8,  11  and  14.  It  will  be  noted  that  for  each  of  the 
instances  cited  above,  the  modulus  of  elasticity  increases  less  rapidly  than  the 
strength.  It  will  be  shown  below  that  the  other  variables  which  affect  the 
strength  of  concrete  give  a  similar  relation. 

Effect  of  the  Quantity  of  Cement. — Fig.  17  and  18  show  the  effect  of  the 
quantity  of  cement  (the  mix)  on  the  strength  and  modulus  of  elasticity  of 
concrete.  The  abscissas  are  quantities  of  the  cement  expressed  as  percentages 


Fig.  15. — Effect  of  Size  of  Aggregate  on  Modulus  of  Elasticity. 

Data  from  Table  13. 

28-day  compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate. 

Relative  consistency  1.00. 

Each  value  is  the  average  of  10  tests  from  2  mixtures. 

Compare  Fig.  14  and  16. 

of  the  sums  of  the  volumes  of  mixed  aggregate  plus  cement.  For  example,  in 
a  1  :  4  mix  the  quantity  of  cement  is  20  per  cent. 

Fig.  17  shows  the  effect  of  quantity  of  cement  on  concrete  made  with 
0-lH-hi-  aggregate,  relative  consistency  of  1.10,  and  ages  varying  from  7  days 
to  1  year.  For  the  28-day  tests  the  strength  of  a  1  :  7  mix  is  1400  lb.  per  sq. 
in.,  while  for  a  1  :  3  mix  it  is  3000  lb.  per  sq.  in.;  or  an  increase  of  111  per  cent. 

lFor  definite  information  as  to  the  maximum  values  of  fineness  modulus  permissible  to  use  for  a  given 
mix  and  maximum  size  of  aggregate,  see  Bulletin  1  referred  to  above. 
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For  the  same  conditions  the  moduli  of  elasticity  are  3  400  000  and  4  100  000  lb. 
per  sq.  in.;  an  increase  of  21  per  cent.  The  details  of  the  tests  are  given  in 
Table  7.  The  values  are  low,  probably  due  to  the  fact  that  the  specimens 
were  made  in  the  winter  and  stored  in  the  basement  where  the  temperature 
was  somewhat  low.  A  similar  relation  is  shown,  for  initial  tangent  modulus 
and  tangent  modulus  at  25  per  cent  of  the  compressive  strength  from  another 
series  of  tests  in  Fig.  18.  Details  are  given  in  Table  14. 

Tables  8,  9,  10,  12  and  13  give  additional  tests  showing  the  effect  of 
quantity  of  cement.  These  data  show  that  both  the  modulus  of  elasticity  and 
strength  become  greater  as  the  quantity  of  cement  is  increased.  It  will  be 


Fig.  16. — Effect  of  Grading  of  Aggregate  on  Modulus  of  Elasticity. 

Data  from  Table  13,  3rd  group. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate;  graded  0-1J-6  in-  Different  fineness  moduli  obtained  by 
variation  in  proportions  of  fine  and  coarse  aggregates. 

Relative  consistency  1.00. 

Compare  Fig.  14  and  15. 

noted  that  for  mixes  richer  than  about  1  :  3  there  is  a  marked  falling  off  in  the 
rate  of  increase  of  the  modulus  of  elasticity. 

Effect  of  Consistency. — Fig.  19  and  20  show  the  effect  of  quantity  of  mixing 
water  on  the  strength  and  modulus  of  elasticity  of  concrete.  The  abscissas 
are  the  relative  amounts  rather  than  the  actual  quantities  of  water.  The 
details  of  the  tests  are  given  in  Tables  4  and  13.  Concrete  of  relative  con- 
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Cement,  percent  of  Volume  of  Aggregate  plus  Cement. 

Fig.  17. — Effect  of  Amount  of  Cement  on  Modulus  of  Elasticity. 

Data  from  Table  7.  Machine-mixed  concrete. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate;  graded  0-1}^  in. 

Relative  consistency  1.10. 

Each  value  is  the  average  of  24  tests  from  6  times  of  mixing. 

Compare  Fig.  18. 
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sistency  of  1.00  will  slump  H  to  1  in.  if  the  steel  form  is  withdrawn  from  a 
freshly  molded  6  by  12-in.  cylinder,  and  contains  about,20  to  30  per  cent  less 
water  than  used  in  ordinary  reinforced  concrete  work. 

For  the  28-day  tests  in  Fig.  19  an  addition  of  25  per  cent  of  water  to  the 
concrete  having  a  relative  consistency  of  1.00  caused  a  decrease  in  strength  of 
about  35  per  cent,  and  a  decrease  in  modulus  of  elasticity  of  about  15  per  cent. 
Additional  data  from  another  series  of  tests  are  given  in  Fig.  20. 

The  amount  of  mixing  water  used  has  a  most  marked  effect  on  the  strength 
and  modulus  of  elasticity  of  the  resulting  concrete.  These  tests  as  well  as  many 
others  made  in  this  Laboratory  show  that  the  benefits  of  well-graded  aggregates 
and  rich  mixes  may  be  minimized  or  lost  by  using  too  much  mixing  water. 


Cement,  percent  of  Volume  of  Aggregate  plus  Cement. 

Fig.  18. — Effect  of  Amount  of  Cement  on  Modulus  of  Elasticity. 

Data  from  Table  14. 

28-day  compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate;  graded  0-1)4  in. 

Relative  consistency  1.00. 

Compare  Fig.  17. 

It  will  be  noted  that  abnormally  low  strengths  and  moduli  are  obtained  for 
relative  consistencies  less  than  about  0.90  to  1.00.  Such  consistencies  are  too 
dry  for  proper  mixing  and  molding. 

It  has  been  shown  by  Abrams1  that  the  quantity  of  mixing  water  expressed 
as  a  ratio  to  the  volume  of  cement  dictates  the  strength  of  the  resulting  con- 

iSee  “Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete,”  by  D.  A.  Abrams,  Proc.  Am . 
Concrete  Inst.,  June,  1918;  also  “Design  of  Concrete  Mixtures,”  Bulletin  1,  Structural  Materials  Research 
Laboratory. 
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crete,  regardless  of  the  mix,  consistency  and  grading  of  aggregate,  so  long  as 
the  concrete  is  plastic. 

j Effect  of  Age  of  Concrete1. — Fig.  21  and  22  show  the  increase  in  modulus 
of  elasticity  and  strength  of  concrete  with  age  at  test  for  ages  ranging  from 
7  days  to  5  years.  The  details  of  the  tests  are  given  in  Tables  4  and  7. 


Fig.  19. — Effect  of  Consistency  of  Concrete  on  Modulus  of  Elasticity. 
Data  from  Table  4. 

Compression  tests  of  6  by  12-in.  cylinders. 

Each  value  is  the  average  of  15  tests  from  3  sizes  of  sand  and  pebble  aggregate. 
Compare  Fig.  20. 


Fig.  21  shows  the  influence  of  age  on  modulus  of  elasticity  and  strength 
platted  in  the  form  of  the  usual  age-strength  curve  for  data  from  Table  4.  In 
Fig.  22  data  from  Table  7  are  platted  with  age  to  a  logarithmic  scale.  On  this 
diagram  it  will  be  noted  that  the  age-strength  relation  is  a  straight  line,  indi- 

l(Note  to  Revised  Edition.)  Tests  reported  in  Table  4  and  platted  in  Fig.  21  show  the  modulus  of 
elasticity  at  5  years  to  be  lower  than  at  3  years.  The  reason  for  this  discrepancy  has  nqt  been  satisfactorily 
explained.  In  general  the  strength  increased  for  all  ages  up  to  5  years, 
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eating  that  the  strength  is  proportional  to  the  logarithm  of  the  age.1  The 
age-modulus-of-elasticity  relationi  s  also  approximately  a  straight  line.  Here, 
as  for  the  other  variables,  the  modulus  of  elasticity  does  not  increase  as  rapidly 
as  the  strength.  For  the  2-in.  aggregate  the  modulus  of  elasticity  at  1  year  is 
180  per  cent  of  the  value  at  28  days,  while  the  strength  for  1  year  is  about 
230  per  cent  of  that  at  28  days. 


Fig.  20. — Effect  of  Consistency  of  Concrete  on  Modulus  of  Elasticity. 

Data  from  Table  13. 

38-day  compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate;  graded  O-lJds  in. 

Compare  Fig.  19. 


Effect  of  Kind  of  Aggregate. — In  Table  10  moduli  of  elasticity  and  strengths 
are  given  for  concrete  made  from  4  different  coarse  aggregates :  pebbles,  crushed 
limestone,  blast  furnace  slag  and  granite.  All  coarse  aggregates  were  similarly 
graded,  the  sizes  ranging  from  No.  4  sieve  to  1H  in-  A  high-grade  torpedo 
sand  was  used  as  fine  aggregate.  Parallel  tests  were  made  on  mixes  from  1  :  6 
to  1  :  2,  of  1.10  consistency,  for  two  conditions  of  storage:  (1)  14  days  in  damp 

1  See  “Effect  of  Age  on  the  Strength  of  Concrete,”  by  D.  A.  Abrams,  Proc.  Am.  Soc.  Testing  Mat.,  Part  II , 
p.  317  (1918). 
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sand  and  77  days  in  air,  and  (2)  3  months  in  damp  sand.  The  following  table 
gives  average  strengths  and  moduli  of  elasticity  for  all  mixes  and  both  con¬ 
ditions  of  storage: 


rtge  at  iesi-  days. 


Fig.  21. — Effect  of  Age  of  Concrete  on  Modulus  of_Elasticity. 

Data  from  Table  4. 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix  1  :  5  by  volume. 

Each  value  is  the  average  of  30  to  35  tests  from  6  or  7  consistencies. 
Compare  Fig.  22. 


Modulus  of  Elasticity,  lb.  per  sq.  in. 
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Fig.  22. — Effect  of  Age  of  Concrete  on  Modulus  of  Elasticity,;  Age  Platted 
to  Logarithmic  Scale. 

Data  from  Table  7. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate. 

Relative  consistency  1.10. 

Each  value  is  the  average  of  24  tests  from  6  or  7  times  of  mixing. 

Compare  Fig.  21. 


Compressive  Strength,  lb.  per  sq.  in. 
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These  tests  show  little  variation  in  either  strength  or  modulus  of  elasticity 
of  concrete  made  from  the  4  types  of  coarse  aggregates.  This  result  should 
be  contrasted  with  the  published  tests  on  concrete  made  from  different  aggre¬ 
gates.  These  tests  undoubtedly  show  the  correct  relation.  The  uniformity 
in  properties  is  to  be  expected  since  the  aggregates  were  graded  alike  and  the 
water  proportioned  in  such  a  manner  that  the  varying  absorption  was  taken 
into  account.  Many  serious  errors  have  been  made  in  discussing  tests  of  this 
kind  due  to  failure  to  take  into  account  differences  in  grading  and  absorption 
of  aggregate. 

Effect  of  Curing  Condition  of  Concrete. — Table  10  gives  tests  on  140  6  by 
12-in.  cylinders,  about  half  of  which  were  stored  3  months  in  damp  sand  and 
the  remainder  14  days  in  damp  sand  and  77  days  in  air.  A  grand  average  of 
the  strength  and  modulus  of  elasticity  for  each  condition  of  storage  shows  that 
the  concrete  stored  the  entire  time  in  damp  sand  gives  the  higher  values. 
The  average  compressive  strength  of  air-stored  specimens  were  3640  lb.  per 
sq.  in.  and  for  the  sand-stored  specimens  4100  lb.  per  sq.  in.  The  average 
initial  tangent  modulus  for  air-stored  specimens  was  5  330  000  and  for  the  sand- 
stored  specimens  6  020  000  lb.  per  sq.  in.  The  tangent  modulus  at  25  per  cent 
of  the  compressive  strength  was  3  650  000  for  the  air-stored  concrete  and 
4  550  000  lb.  per  sq.  in.  for  that  stored  in  damp  sand.1 

Effect  of  Time  of  Mixing. — Table  6  gives  data  on  the  effect  of  time  of  mixing 
on  the  strength  and  modulus  of  elasticity  of  concrete.  The  values  given  in 
this  table  are  the  average  of  a  number  of  different  consistencies,  sizes  of 
aggregates,  and  mixes.  The  details  of  the  strength  tests  were  reported  by 
Professor  Abrams  to  the  American  Concrete  Institute  in  1918.2 

In  general  both  the  modulus  of  elasticity  and  strength  are  greater  for  the 
longer  mixing  times. 

Relation  between  Modulus  of  Elasticity  and  Compressive  Strength. — The 
Joint  Committee  on  Standard  Specifications  for  Concrete  and  Reinforced 
Concrete3  recommends  that  “in  computations  for  the  position  of  the  neutral 
axis  for  the  resisting  moment  of  beams  and  for  compression  of  concrete  in 
columns’’  the  modulus  of  elasticity  be  assumed  as:4 

(1)  1/40  that  of  steel,  when  the  compressive  strength  of  the  concrete 
at  28  days  is  below  800  lb.  per  sq.  in. 

(2)  1/15  that  of  steel,  when  the  compressive  strength  of  the  concrete 
at  28  days  lies  between  800  and  2200  lb.  per  sq.  in. 

(3)  1/12  that  of  steel,  when  the  compressive  strength  of  the  concrete 
at  28  days  lies  between  2200  and  2900  lb.  per  sq.  in. 

(4)  1/10  that  of  steel,  when  the  compressive  strength  of  the  concrete 
at  28  days  is  higher  than  2900  lb.  per  sq.  in. 

1  For  further  information  on  the  effect  of  curing  conditions,  see  “Effect  of  Curing  Condition  on  the 
Wear  and  Strength  of  Concrete,”  by  D.  A.  Abrams,  Bulletin  2,  Structural  Materials  Research  Laboratory. 

2  Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete.” 

8  Proc.  Am.  Soc.  Testing  Mat.,  Vol.  21,  p.  212,  1921. 

4  (Note  to  Revised  Edition.)  In  revising  this  Bulletin,  the  wording  of  the  recommendations  of  the 
Joint  Committee  for  modulus  of  elasticity  has  been  revised  from  that  used  in  1917  to  conform  with  the 
Progress  Report  of  the  Joint  Committee  on  Standard  Specifications  for  Concrete  and  Reinforced  Concrete; 
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(5)  1/8  that  of  steel  for  calculating  the  deflection  of  reinforced  con¬ 

crete  beams  which  are  free  to  move  longitudinally  at  the  supports,  and  in 

which  the  tensile  resistance  of  the  concrete  is  neglected. 

A  study  of  these  recommendations  leads  one  to  the  conclusion  that  they 
are  based  on  the  assumption  that  the  ratio  of  modulus  of  elasticity  to  the 
compressive  strength  of  concrete  is  about  1000. 

Taylor  and  Thompson1  state  that  while  there  is  probably  some  relation 
between  strength  and  modulus  of  elasticity,  it  is  so  complex  that  it  will 
probably  never  be  discovered.  They  give  1300  as  the  approximate  ratio  of 
modulus  of  elasticity  to  strength. 

Falk2  concludes  that  the  modulus  of  elasticity  as  determined  by  com¬ 
pression  tests  is  1325  times  the  ultimate  strength  of  the  concrete. 

Thacher3  gives  the  following  formulas  derived  from  Kimball’s  tests  for 
concrete  of  different  ages,  which  do  not  take  into  account  directly  the  com¬ 
pressive  strength: 

Thacher’s  Formulas  for  Modulus  of  Elasticity. 

7  days  old . E  =  2  600  000  -  700  000  f  8-nd - 2). 

'volume  01  cement  ' 

1  month  old . E  =  2  900  000  -  300  000  (  “  -1). 

3  months  old . E  =  3  600  000  -  500  000  (  “  -2). 

6  months  old . E  =  3  600  000  -  600  000  (  “  -3). 

If  the  term  /  V°  Ume  ^  SanC*  — c")  is  zero  or  becomes  a  negative  quality,  the  entire  term  is  to  be 
V  volume  of  cement  ' 

considered  zero. 

All  of  the  above  relations  with  the  exception  of  Thacher’s  assume  a  constant 
ratio  between  the  modulus  of  elasticity  and  strength.  Thacher’s  formulas  are 
of  limited  application  since  they  do  not  take  into  account  such  important 
variables  as  the  grading  of  the  aggregate  and  the  consistency  of  concrete. 

Schiile4  derives  an  equation  for  the  “relation  between  modulus  of  elas¬ 
ticity  of  concrete  (in  tons  per  sq.  cm.)  and  its  crushing  strength  (kg.  per  sq. 
cm.)  ”  as  follows: 

R2— 25. 16R +50.38 
b  ~  0.001646R2 +0.224R  +7.65 


in  which  Eb  =  modulus  of  elasticity  of  concrete,  tons  per  sq.  cm.  and  B  =  ulti¬ 
mate  compressive  strength,  kg.  per  sq.  cm. 

In  units  of  pounds  per  square  inch  this  equation  may  be  written, 


70R2— 25  100R+717  000 
0.000008R2  +0.0157R +7.65 


While  this  equation,  in  our  opinion,  more  nearly  represents  the  true  form 
of  the  relation  than  any  of  those  quoted  from  other  writers,  it  is  open  to  the 
objection  that  negative  values  for  E[,  are  obtained  for  values  of  B  less  than 
22.96  kg.  per  sq.  cm.  (330  lb.  per  sq.  in.) 

1  Taylor  apd  Thompson,  “Concrete,  Plain  and  Reinforced.” 

2  Falk,  “Cements,  Mortars  and  Concretes.” 

3  “Concrete  and  Reinforced  Concrete  Construction,”  by  Reid. 

4  Proc.  Sixth  Congress,  Inter.  Assoc.  Testing  Mat.,  New  York,  1912,  Second  Section. 
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Our  tests  show  that  the  relation  between  modulus  of  elasticity  and  strength 
for  mixes  ranging  from  1  : 15  to  about  1  : 3  may  be  represented  by  a  single 
curve,  but  the  relation  is  not  linear.  Ratios  ranging  from  about  4000  for  the 
low  strengths  to  1000  for  the  high  strengths  were  found. 


Fig.  23. — Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  from  Tabic  4. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand,  pebble  and  crushed  limestone  aggregate. 

In  general,  each  value  is  the  average  of  5  tests  made  on  different  days. 

Compare  Fig.  24  to  33  inclusive. 


The  relation  between  modulus  of  elasticity  and  strength  of  concrete  from 
tests  covered  in  this  report  may  be  represented  by  the  equation, 


E  =  CSm . (8) 

where  E  =  modulus  of  elasticity  of  concrete,  C  =  a  constant  depending  on  the 
conditions  of  the  test,  £  =  ultimate  strength  of  concrete,  and  m  =  an  exponent 
(less  than  1). 
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For  the  different  series  of  tests,  the  constants  vary  over  a  considerable 
range.  However,  in  cases  where  C  is  larger  than  the  average,  m  is  smaller,  and 
therefore  for  ordinary  ranges  in  strength  the  values  of  modulus  of  elasticity 
given  by  the  equations  from  the  different  series  of  tests  show  a  good  agreement. 

Fig.  23  shows  the  relation  for  initial  tangent  modulus  to  compressive 
strength  for  concrete  made  from  4  different  sizes  of  pebble  aggregate  and  one 


Compressive  Strength  -  tb.persq.in. 


Fig.  24. — Relation  of  Modulus  of  Elasticity  to  Strength  of^Concrete. 

Data  from  Table  4. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand,  pebble  and  crushed  limestone  aggregate. 

Same  data  as  in  Fig.  23,  except  that  each  value  is  the  average  of  30  to  35  tests  from 
each  of  the  6  or  7  consistencies. 

Compare  Fig.  23  and  25  to  33  inclusive. 

size  of  limestone  aggregate,  for  consistencies  ranging  from  very  dry  to  sloppy 
mixes,  and  for  ages  ranging  from  7  days  to  5  years.  The  curve  in  this  figure 
may  be  represented  by  the  equation, 

Ei  =  45  500  5°  58 . (9) 

The  points  on  this  diagram  are  more  scattered  than  in  others,  for  three  causes: 
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1.  Each  value  is  the  average  of  5  or  fewer  tests,  whereas  in  most  of  the 
other  diagrams  each  value  is  based  on  10  to  80  tests.  Our  experience  has 
shown  that  moduli  of  elasticity  should  be  the  averages  of  10  or  more  tests  to 
give  concordant  results. 

2.  Readings  for  tests  earlier  than  1  year  were  taken  with  the  Johnson 
wire-wound  dial,  which  does  not  give  as  uniform  results  as  the  Ames  instru¬ 
ment. 


Fig.  25. — Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  from  Table  5. 

Machine-mixed  concrete. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate;  graded  0-1J4  in. 

Each  value  is  the  average  of  24  tests  from  6  times  of  mixing. 

Compare  Fig.  23,  24  and  26  to  33  inclusive. 


Modulus  of  Elasticity ,  lb.pcrsq.in. 
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Compressive  Strength,  lb. per sq. in. 


Fig.  26. — Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  from  Table  7. 

Machine-mixed  concrete. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate. 

Relative  consistency  1.10. 

Each  value  is  the  average  of  24  tests  from  6  times  of  mixing. 

Compare  Fig.  23  to  25  and  27  to  33  inclusive. 


5000 


Modulus  of  Elasticity,  Ib.per sq.iti. 
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Compressive  Strength,  lb. per sq. in. 


Fig.  27. — Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  f  rom  Table  8. 

Hand  mixed  concrete. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate. 

Relative  consistency  1.10. 

Each  value  is  the  average  of  4  tests  made  on  different  days. 

Compare  Fig.  23  to  26  and  28  to  33  inclusive. 


0009 
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Compressive  Strength,  lb.persq.in. 


Fig.  28. — Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  from  Table  7. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate;  graded  O-IJ^  in. 

Relative  consistency  1.19. 

Each  value  is  the  average  of  24  tests  from  6  times  of  mixing. 

Compare  Fig.  23  to  27  and  29  to  33  inclusive. 


7  000 


Tangent  Modulus,  lb.  per  sq.  in. 
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Fig.  29. — Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  from  Table  13. 

28-day  compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Compare  Fig.  23  to  28  and  30  to  33  inclusive. 


ooos 
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3.  Some  of  the  mixtures  (those  represented  by  relative  consistencies  less 
than  0.90)  were  too  dry  to  make  a  plastic  concrete  and  hence  gave  erratic 
results. 

The  data  from  Fig.  23  are  shown  in  Fig.  24  except  that  the  average  of  all 
the  consistencies  in  each  group  is  platted  instead  of  individual  values.  An 
equation  having  the  same  constants  is  found.  The  curve  is  more  uniform 
because  each  value  is  the  average  of  about  30  tests  instead  of  5.  This  diagram 
brings  out  pointedly  the  fact  that  the  relation  between  strength  and  modulus 
of  elasticity  for  ages  ranging  from  7  days  to  5  years  can  be  represented  by  the 
same  curve. 


Fis.  30. — Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  from  Table  14. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate. 

Compare  Fig.  23  to  29  and  31  to  33  inclusive. 
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Fig.  25  gives  a  similar  relation  for  another  series  of  tests.  The  concrete 
represented  by  this  figure  was  machine  mixed.  The  mix  was  1  :  4,  using 
0-13"2-in.  pebble  aggregate  and  consistencies  ranging  from  very  dry  to  sloppy. 
Tests  were  made  at  ages  of  7  and  28  days  and  2  months.  For  these  data  the 
relation  between  strength  and  modulus  of  elasticity  is  expressed  by  the 
equation, 

E<  =  90  000  S0-50 . (10) 


Compressive  Strength,  lb.  per  sq.m. 


Fig.  31.— Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  from  Table  13. 

28-day  compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate. 

Compare  Fig.  23  to  30  inclusive,  32  and  33. 


These  constants  are  considerably  different  from  those  in  the  two  preceding 
figures,  but  a  comparison  of  the  curves  over  the  ordinary  range  will  show  that 
there  is  no  great  difference  in  the  modulus  of  elasticity  for  a  given  strength. 
For  example,  in  Fig.  25  for  a  concrete  having  an  ultimate  strength  of  1000  lb. 
per  sq.  in.  the  average  curve  gives  a  modulus  of  elasticity  of  2  800  000  lb.  per 
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sq.  in.,  while  for  the  two  preceding  curves  the  average  is  2  500  000  lb. per  sq.  in. 
For  2000-lb.  concrete  the  discrepancy  is  still  less,  the  values  obtained  being 
4  000  000  and  3  800  000  lb.  per  sq.  in.  respectively. 

Fig.  26  and  27  give  the  data  from  Tables  7  and  8.  The  mixtures  ranged 
from  1 : 15  to  1 :  4,  the  consistency  was  1.10,  and  the  aggregate  ranged  in  size 
from  O-No.  28  sand  to  O-2-in.  gravel.  Data  in  Table  7  are  the  average  of 
6  times  of  machine-mixing  ranging  from  to  10  minutes.  Values  are  given 


Fig.  32.— Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  from  Table  14. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate. 

Compare  Fig.  23  to  31  inclusive,  and  33. 

in  Table  8  for  hand-mixed  concrete  of  the  same  composition.  The  constants 
for  these  equations  are  the  same;  in  other  words,  there  is  no  difference  between 
machine-mixed  and  hand-mixed  concrete  so  far  as  the  relation  of  modulus  of 
elasticity  to  strength  is  concerned.  It  will  be  noted  that  there  is  considerable 
difference  between  the  constants  for  these  curves  and  those  given  in  Fig.  23 
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to  25.  However,  a  direct  comparison  will  show  that  the  differences  in  moduli 
of  elasticity  for  concrete  of  given  strengths  are  not  as  great  as  the  difference 
in  constants  might  at  first  seem  to  indicate.  In  Fig.  26  and  23  the  moduli  of 
elasticity  for  1000  and  2000-lb.  concrete  are  almost  the  same.  It  is  for  the 
higher  strengths  that  the  differences  are  more  pronounced.  In  Fig.  26,  4000-lb. 
concrete  gives  a  modulus  of  elasticity  of  6  600  000  lb.  per  sq.  in.,  while  Fig.  23 
gives  5  700  000  lb.  per  sq.  in. 

Fig.  28  gives  data  from  Group  1  of  Table  7  for  mixtures  ranging  from  1  :  15 
to  1  :  2  and  ages  ranging  from  7  days  to  1  year.  The  aggregates  were  of  the 
same  size,  being  graded  up  to  1 in.  The  consistency  was  such  as  might  be 
used  in  ordinary  concrete  road  mixtures.  The  richer  mixes  show  a  falling-off 
from  the  average  curve.  Reference  to  Fig.  17  emphasizes  this  point.  This 
indicates  that  the  general  relation  given  in  Eq.  8  does  not  hold  for  mixes  richer 
than  about  1  :  3. 

Fig.  29  and  30  show  the  relation  between  modulus  of  elasticity  and 
strength  for  data  from  Tables  13  and  14.  In  Fig.  29  mixes  richer  than  1  :  3 
were  omitted.  For  these  tests  values  of  modulus  of  elasticity  were  calculated 
at  various  percentages  of  load.  Fig.  31  and  32  show  this  relation  for  the 
tangent  modulus  at  25  per  cent  of  the  compressive  strength.  These  curves 
follow  the  same  general  law  as  those  for  initial  tangent  modulus,  but  give 
results  about  15  to  25  per  cent  lower. 

In  Table  16  the  average  values  for  initial  tangent  modulus  and  tangent 
modulus  at  25  per  cent  of  the  compressive  strength  taken  from  Fig.  23  to  32 
inclusive  are  tabulated.  As  pointed  out  above,  while  the  constants  of  these 
equations  vary  over  a  considerable  range  the  values  of  modulus  of  elasticity 
obtained  are  not  greatly  different.  The  grand  average  of  all  tests  in  this  table 
may  be  represented  by  the  following  equations: 


Ei= 40  000  &0  60 . (11) 

#,25  =  84  300  S°- 47 . (12) 


Without  appreciable  error  they  may  be  written: 


Ei=  33  000  S * . (13) 

#*25  =  66  000  S* . . . (14) 


It  may  be  of  interest  to  note  that  Eq.  11  is  based  on  about  2500  tests  of  6  by 
12-in.  cylinders  and  Eq.  12  on  about  800  tests. 

The  following  table  shows  a  comparison  of  moduli  of  elasticity  obtained 
from  Eq.  11  and  equations  given  by  other  writers: 


Ratio  of  Initial  Tangenf  Modulus  to  Strength, 
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Compressive 
Strength, 
lb.  per  sq.  in. 

Modulus  of  Elasticity,  lb.  per  sq.  in.,  from 

Eq.  11. 

Schiile’s 

Equation. 

Taylor  and 
Thompson’s 
Ratio. 

Falk's  Ratio. 

Joint  Commit¬ 
tee’s  Ratio. 

1000 . 

2  520  000 

1  430  000 

1  300  000 

1  325  000 

1  000  000 

1500 . 

3  170  000 

2  430  000 

1  950  000 

1  990  000 

1  500  000 

2000 . 

3  820  000 

3  360  000 

2  600  000 

2  650  000 

2  000  000 

2500 . 

4  440  000 

3  850  000 

3  250  000 

31320  000 

2  500  000 

'3000 . 

4  800  000 

4  400  000 

3  900  000 

3  980  000 

3  000  000 

4000 . 

5  900  000 

5  110  000 

5  200  000 

5  300  000 

4  000  000 

5000 . 

6  660  000 

5  640  000 

6  500  000 

6  630  000 

5  000  000 

Fig.  33  shows  data  from  Table  4  with  the  modulus  of  elasticity  expressed 
as  a  ratio  to  the  compressive  strength  of  the  concrete.  This  ratio  varies  from 
about  4100  for  200-lb.  concrete  to  about  1200  for  5000-lb.  concrete. 


Fig.  33. — Relation  of  Modulus  of  Elasticity  to  Strength  of  Concrete. 

Data  from  Table  4. 

Compression  tests  of  6  by  12-in.  cylinders. 

Sand,  pebble  and  crushed  limestone  aggregate. 

Compare  Fig.  23  to  32  inclusive. 


Modulus  of  Elasticity  of  Concrete  at  Different  Percentages  of 
the  Compressive  Strength. 

The  strength-modulus-of-elasticity  relation  has  been  shown  only  for  the 
initial  tangent  and  tangent  modulus  at  25  per  cent  of  the  compressive  strength. 
Obviously  tangent  and  secant  moduli  for  all  percentages  of  the  load  could  not 
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be  presented.  The  values  for  initial  tangent  modulus  were  given  prominence 
because  of  their  general  use.  The  tangent  modulus  at  25  per  cent  of  the 
compressive  strength  was  selected  as  being  representative.  In  order  that  com¬ 
plete  information  may  be  had  for  all  measures  of  modulus  of  elasticity  their 
inter-relation  is  shown. 

In  Fig.  34  the  tangent  moduli  at  the  different  percentages  of  the  com¬ 
pressive  strength  are  platted  against  the  initial  tangent  moduli  for  the  data 


Initial  Tangent  Modulus,  lb.  per scpn. 

Fig.  34. — Relation  of  “Initial  Tangent”  to  “Tangent”  Modulus. 

Data  from  Table  13. 

28-day  compression  tests  of  6  by  12-in.  cylinders. 

Each  value  is  the  average  of  40  tests  from  8  mixtures. 

Compare  Fig.  35. 

given  in  Table  13.  The  average  of  all  the  consistencies  are  platted  for  each 
mix.  A  straight  line  is  obtained  showing  this  relation  to  be  of  the  form, 

Et  =  biEi . (15) 

where  5i  is  a  constant,  depending  on  the  percentage  of  the  compressive 
strength  at  which  Et  is  measured. 
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For  the  same  data  the  ratio  of  tangent  modulus  to  secant  modulus  is  0.90 
(average  value  of  n ).  Therefore  the  following  equation  may  be  written: 


Es=b2E{ . (16) 

where  b2  =  — . 

0.9 

Fig.  35  shows  the  tangent  and  secant  moduli  at  different  percentages  of  the 
compressive  strength  expressed  as  a  ratio  to  the  initial  tangent  modulus 
(values  of  b i  and  b2). 


0  10  20  30  40  50 


Stress,  per  cent  of  Compressive  Strength. 

Fig.  35. — Ratio  of  “Initial  Tangent”  to  “Tangent”  and  “Secant”  Moduli 
•  at  Different  Percentages  of  the  Load. 

Data  from  Table  13. 

It  was  stated  above  that  the  initial  tangent  modulus  is  equal  to  the  secant 
modulus  at  about  5  to  15  per  cent  of  the  compressive  strength.  Reference 
to  Fig.  35  will  show  that  the  line  marked  Secant  crosses  the  100-per-cent  line 
at  about  5  per  cent  of  the  compressive  strength.  In  other  words,  the  initial 
tangent  modulus  is  equal  to  the  secant  modulus  at  this  point.  Data  in 
Table  12  show  the  initial  tangent  modulus  to  be  equal  to  the  secant  modulus 
at  about  10  to  15  per  cent  of  the  load. 
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Fig.  36  shows  the  tangent  modulus  of  elasticity  platted  against  percentage 
of  ultimate  strength  for  the  tests  given  in  Table  12.  The  ratios  of  the  different 
measures  of  modulus  of  elasticity  to  each  other  for  other  data  herein  reported 
differ  somewhat  from  those  obtained  from  Fig.  34  to  36,  but  the  general 
relation  is  the  same. 


Fig.  36. — Variation  of  Modulus  of  Elasticity  with  Stress  at 
which  it  is  Measured. 

Data  from  Table  12. 

28-day  compression  tests  of  6  by  12-in.  cylinders. 

Sand  and  pebble  aggregate;  graded  0-lM>  in. 

Relative  consistency  1.00. 

Each  value  is  the  average  of  80  tests  made  on  20  days. 


Nomographic  Chart  Showing  the  Inter-relation  of  Strength,  Modulus 
of  Elasticity  and  Composition  of  Concrete. 

From  the  inter-relation  of  mix,  grading,  strength,  consistency,  and  the 
various  measures  of  modulus  of  elasticity,  a  nomographic  chart  on  which 
these  variables  are  represented  was  constructed  (Fig.  37).  The  data  from 


Initial  Tangfent  Modulus,  IMP  th.persq.in. 
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Table  13  were  selected  as  the  basis  of  the  chart,  since  it  is  for  this  series  only 
that  all  of  the  following  variables  are  represented : 

1.  Amount  of  cement  (mix); 

2.  Size  and  grading  of  aggregate  (fineness  modulus) ; 

3.  Amount  of  mixing  water  (consistency); 

4.  Compressive  strength  at  28  days; 

5.  Initial  tangent  modulus; 

6.  Tangent  modulus  at  5  to  50  per  cent  of  the  ultimate  load; 

7.  Secant  modulus  at  5  to  50  per  cent  of  the  ultimate  load. 

If  items  1,  2  and  3  are  known,  we  are  able  to  solve  for  items  4,  5,  6  and  7. 
If  any  one  of  the  four  items,  4,  5,  6  and  7,  is  known  the  other  three  can  be 
computed.  In  using  this  chart  it  should  be  borne  in  mind  that  it  is  based  on 
one  series  of  tests  for  which  the  concrete  was  mixed  and  cured  under  laboratory 
conditions.  While  it  is  realized  that  for  a  given  mix,  grading,  and  consistency, 
the  strengths  obtained  in  practice  will  be  different,  it  is  believed  that  the 
relation  of  modulus  of  elasticity  to  strength  will  be  approximately  the  same 
as  given  by  the  diagram. 

Example  of  Use  of  Nomographic  Chart. — Assume  a  mix  of  1  :  5;  O-lK-in. 
aggregate,  having  a  fineness  modulus  of  5.75;  relative  consistency  1.10. 

1.  Draw  a  straight  line  through  the  points  representing  the  mix  and  the 
grading  of  the  aggregate  to  the  reference  line  for  strength. 

2.  From  this  point  draw  a  horizontal  line  to  the  line  representing  1.10 
relative  consistency.  This  intersection  gives  the  compressive  strength  at 
28  days  (2200  lb.  per  sq.  in.). 

3.  Follow  the  strength  contour  to  the  reference  line  for  modulus  of 
elasticity. 

4.  Draw  a  horizontal  line  to  the  reference  line  for  initial  tangent  modulus. 
Vertically  above  this  the  initial  tangent  modulus  (4  000  000  lb.  per  sq.  in.)  can 
be  read. 

5.  To  obtain  the  tangent  modulus  at,  say,  25  per  cent  of  the  compressive 
strength,  draw  a  vertical  line  from  the  point  on  the  initial  tangent  curve  to  the 
reference  line  for  tangent  modulus  marked  25  per  cent.  The  tangent  modulus 
(2  900  000  lb.  per  sq.  in.)  is  then  read  on  the  ordinate  at  the  right. 

6.  If  the  secant  modulus  at  25  per  cent  load  is  desired,  draw  a  horizontal 
line  from  the  point  on  the  25-per-cent  tangent  modulus  line  until  it  intersects 
the  reference  lines  for  secant  modulus.  The  secant  modulus  (3  300  000  lb.  per 
sq.  in.)  is  read  on  the  bottom  scale. 

Further  Discussion  of  Stress-Deformation  Relation. 

For  the  data  used  in  the  construction  of  the  nomographic  chart  described 
above  it  was  shown  that  the  average  value  of  n  in  Eq.  1  is  0.90.  If  the  com¬ 
pressive  strength  is  assumed  and  the  corresponding  secant  modulus  ( Es )  is 
determined  from  the  nomographic  chart  (Fig.  37),  d  can  be  calculated  from 
Eq.  6.  Then  by  substitution  in  Eq.  1,  K  can  be  computed.  In  like  manner, 
K  can  be  computed  for  any  compressive  strength.  The  relation  of  K  to 
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compressive  strength  obtained  in  this  way  may  be  expressed  by  the  equation, 
K  =  29  000  £* . (17) 

Average  values  of  modulus  of  elasticity  from  Fig.  37,  and  values  of  K  cal¬ 
culated  from  Eq.  1  and  6  are  given  in  Table  17. 

Uniformity  of  Tests. 

Consistent  values  cannot  be  obtained  for  modulus  of  elasticity  with  as 
few  tests  as  for  compressive  strength.  Where  the  values  are  the  average 
of  only  5  tests,  the  moduli  of  elasticity  are  much  more  erratic  than  the  strength. 
In  cases  where  the  modulus  of  elasticity  is  the  average  of  10  or  more  tests 
the  values  are  very  consistent. 

Modulus  of  elasticity  values  of  concrete  are  erratic  because  of  the  non¬ 
homogeneity  of  the  material,  and  because  of  the  difficulty  in  obtaining  accurate 
stress-deformation  data.  The  initial  tangent  moduli  are  particularly  erratic 
because  of  the  variations  which  may  easily  result  in  constructing  the  tangent. 
Platting  the  stress-deformation  points  on  logarithmic  co-ordinates  reduces  the 
error  in  locating  the  curve  and  avoids  the  necessity  of  constructing  a  tangent. 

Mean  errors  were  calculated  for  the  strengths,  initial  tangent  moduli, 
and  tangent  moduli  for  the  tests  given  in  Table  12.  In  this  table  each  value 
is  the  average  of  20  tests  made  on  different  days.  The  average  mean  error 
of  the  strength  tests  is  10.2  per  cent;  of  the  initial  tangent  modulus,  22.4  per 
cent;  and  of  the  tangent  modulus  at  25  per  cent  of  the  compressive  strength, 
15.1  per  cent.  This  indicates  that  the  moduli  of  elasticity  calculated  from 
the  logarithmic  curve  (tangent  modulus  at  25  per  cent  load)  are  considerably 
more  uniform  than  those  calculated  from  the  ordinary  stress-deformation 
curve  (initial  tangent  modulus). 

It  appears  that  the  modulus  of  elasticity  should  be  the  average  of  10  or 
more  tests  in  order  to  secure  concordant  results. 

Yield  Point  of  Concrete 

Mills1  states,  “Concrete  shows  a  permanent  set  under  the  smallest  loads. 
There  can,  therefore,  be  no  elastic  limit  in  the  true  sense  of  the  term.  There 
appears  to  be  a  stress,  however,  below  which  repetition  of  the  same  load  does 
not  cause  appreciable  increase  in  set,  while  beyond  this  stress  repetition  of 
load  causes  increased  set  indefinitely,  finally  resulting  in  rupture  far  below 
the  normal  ultimate  strength.  For  practical  purposes,  therefore,  it  is  con¬ 
venient  to  consider  this  stress  as  the  elastic  limit.  Experiments  made  by 
Bach,  Van  Ornum,2  and  others,  seem  to  place  this  stress  at  about  50  to  60 
per  cent  of  the  ultimate  strength.” 

The  Bureau  of  Standards3  gives  values  of  “yield  point”  of  concrete  ranging 
from  about  25  to  50  per  cent  of  the  ultimate  strength.  The  method  of 
determining  the  “yield  point”  is  not  given.  However,  from  Hool  and  John¬ 
son’s4  discussion  of  these  tests  it  is  inferred  that  the  “point  where  the  deviation 

1  “Materials  of  Construction.” 

2  Trans.  Am.  Soc.  Civil  Eng.,  June,  1907. 

3  “Technologic  Paper  No.  58,”  Bureau  of  Standards,  1916. 

4  Hool  and  Johnson,  “Concrete  Engineers’  Handbook.” 
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from  a  practically  straight  line  relation  between  stress  and  strain  is  first 
perceived  is  designated  the  yield  point.” 

In  the  true  sense  of  the  word  there  is  no  elastic  limit  for  concrete.  There 
is  no  basis  for  determining  what  may  be  called  the  elastic  limit  or  yield 
point.”  The  method  of  determination  by  repeated  loading  is  much  too 
cumbersome  for  the  ordinary  tests. 

Our  tests  show  that  the  stress-deformation  relation  for  concrete  follows 
a  definite  law  up  to  a  certain  point.  Investigation  of  data  from  various 
sources  shows  this  law  to  apply  to  numerous  materials.  The  stress-deforma¬ 
tion  relation  of  a  perfectly  elastic  body  within  the  elastic  limit  is  of  the  same 
form  as  that  given  for  concrete  and  other  materials,  represented  by  Eq.  1. 
For  a  perfectly  elastic  material  n  would  equal  1,  and  K  would  be  the  modulus 
of  elasticity.  It  will  be  seen  at  once  that  the  point  where  this  law  no  longer 
holds  is  the  elastic  limit  as  defined  in  the  usual  manner. 

For  materials  that  are  not  perfectly  elastic  the  above  law  differs  only  in 
that  n  is  not  equal  to  1  (less  than  1  for  most  materials)  and  that  K  is  the 
secant  modulus  at  a  unit  deformation  of  1. 

As  in  the  case  of  the  perfectly  elastic  material  there  is  a  point  beyond 
which  this  law  no  longer  holds.  It  would,  therefore,  seem  that  this  equation 
furnishes  a  method  for  a  determination  for  all  materials  of  what  may  be  called 
the  “yield  point.”  As  has  been  stated  it  was  not  our  general  custom  to 
take  measurements  at  sufficiently  small  intervals  for  loads  high  enough  to 
determine  this  point  for  our  tests.  In  a  few  instances,  however,  readings 
were  taken  at  short  intervals  for  the  higher  loads  and  the  points  beyond 
which  the  stress-deformation  curve  of  concrete  no  longer  follows  the  law 
expressed  in  Eq.  1  determined.  These  are  the  “yield  points”  as  defined 
above.  The  values  varied  from  50  to  90  per  cent  of  the  ultimate  load. 

Conclusions. 

The  modulus  of  elasticity  of  any  material  is  the  ratio  of  an  increment 
of  stress  to  a  corresponding  increment  of  deformation.  The  stress-deformation 
relation  of  concrete  is  represented  by  a  curve  and,  consequently,  the  modulus 
of  elasticity  varies,  depending  on  the  point  on  the  curve  at  which  it  is  measured, 
becoming  less  for  the  higher  stresses. 

Data  for  3  measures  of  modulus  of  elasticity  are  presented  as  follows: 

“Initial  tangent”  modulus  (Ei); 

“Tangent”  modulus  at  stresses  ranging  from  5  to  50  per  cent  of  the 
compressive  strength  ( Et ); 

“Secant”  modulus  to  stresses  5  to  50  per  cent  of  the  compressive 
strength  ( Es ). 

The  initial  tangent  modulus  and  the  tangent  modulus  at  25  per  cent 
of  the  compressive  strength  are  treated  in  detail.  The  values  for  initial 
tangent  modulus  were  given  prominence  because  of  their  general  use.  Ob¬ 
viously  the  relation  for  all  values  of  secant  and  tangent  modulus  could  not 
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be  shown.  The  tangent  modulus  at  25  per  cent  of  the  compressive  strength 
was  selected  as  representative.  The  inter-relation  of  the  various  measures 
is  shown. 

A  study  of  the  data  contained  in  this  report  seems  to  warrant  the  following 
conclusions: 

1.  The  relation  of  compressive  stress  to  deformation  for  concrete  may 
be  represented  by  the  equation: 

s  =  Kdn . (1) 

where  s  =  unit  stress  of  concrete,  d  *=  unit  deformation  of  concrete,  K  =  a 
constant  which  depends  on  the  strength  of  the  concrete,  n  =  an  exponent, 
approximately  constant.  The  curve  represented  by  this  equation  has  a 
decreasing  slope,  and  gives  decreasing  values  of  modulus  of  elasticity  as  the 
stress  is  increased. 

2.  The  modulus  of  elasticity  of  the  concrete  is  a  function  of  the  com¬ 
pressive  strength.  The  relation  between  modulus  of  elasticity  and  strength 
for  mixtures  leaner  than  about  1  : 3  may  be  represented  by  an  equation 
of  the  form, 

E  =  CSm . (8) 

where  E  =  modulus  of  elasticity  of  concrete,  C  =  a  constant  depending 
on  the  conditions  of  the  tests,  S  —  compressive  strength  of  concrete,  m  =  an 
exponent. 

For  the  initial  tangent  modulus  the  average  of  our  tests  may  be  expressed 
by  the  equation, 

Ei  =  33  000  S* . (13) 

For  the  tangent  modulus  at  25  per  cent  of  the  compressive  strength  the 
equation  becomes, 

Et25  =  66  000  S* . (14) 

The  ratio  of  modulus  of  elasticity  to  strength  as  shown  by  these  equations 
varies  from  about  3300  for  the  initial  tangent  for  500-lb.  per  sq.  in.  concrete, 
to  1400  for  5000-lb.  concrete;  the  corresponding  values  for  the  tangent 
modulus  at  25  per  cent  of  the  compressive  strength  are  about  3000  to  940, 
respectively. 

3.  A  study  of  the  different  variables  affecting  the  strength  and  modulus 
of  elasticity  of  concrete  further  emphasizes  the  relation  shown  in  Eq.  8. 

(a)  Both  the  modulus  of  elasticity  and  strength  increase  within  certain 
limits  as  the  aggregate  becomes  coarser,  although  the  modulus  of  elasticity 
increases  less  rapidly  than  the  strength. 

(b)  An  increase  in  the  quantity  of  cement  in  the  batch  causes  an  increase 
in  values  of  modulus  of  elasticity  and  strength.  The  modulus  of  elasticity 
is  affected  somewhat  less  by  change  in  the  cement  content  than  the  strength. 

(c)  The  quantity  of  mixing  water  exerts  a  marked  effect  on  the  modulus 
of  elasticity  and  strength.  An  addition  of  25  per  cent  of  water  to  a  mixture 
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of  normal  consistency  decreases  the  modulus  of  elasticity  about  15  to  20 
per  cent,  and  the  strength  about  35  to  40  per  cent. 

(d)  Both  the  modulus  of  elasticity  and  strength  increase  with  the  age 
of  the  concrete,  so  long  as  the  specimens  are  kept  moist  during  curing.  The 
strength  increases  in  proportion  to  the  logarithms  of  the  age.  The  modulus 
of  elasticity  follows  approximately  the  same  relation.1 

(e)  There  is  no  marked  difference  in  the  modulus  of  elasticity  and 
strength  of  concrete  made  from  high-grade  pebbles,  crushed  limestone, 
crushed  granite  or  blast  furnace  slag. 

(/)  A  comparison  of  specimens  stored  14  days  in  damp  sand  and  77 
days  in  air  with  specimens  stored  91  days  in  damp  sand  shows  both  the 
modulus  of  elasticity  and  strength  are  higher  for  the  damp  sand  storage. 

(, g )  Tests  for  mixing  times  ranging  from  to  10  minutes  show  both 
the  modulus  of  elasticity  and  strength  to  be  greater  for  the  longer  mixing 
times. 

4.  The  secant  and  tangent  moduli  of  elasticity  are  less  for  the  higher 
loads.  At  a  given  percentage  of  the  strength  these  values  vary  approxi¬ 
mately  in  direct  proportion  to  initial  tangent  modulus  for  concrete  of  ordinary 
strengths. 

5.  Deformations  measured  over  gage  lengths  ranging  from  4  to  10  in. 
on  a  6  by  12-in.  cylinder  show  that  the  gage  length  exerts  only  a  slight  influence 
on  the  modulus  of  elasticity. 

6.  The  inter-relation  of  modulus  of  elasticity  to  strength  and  the  pro¬ 
portions  of  the  concrete  is  sufficiently  definite  to  make  possible  the  con¬ 
struction  of  a  nomographic  chart.  While  the  absolute  values  given  on  this 
diagram  cannot  be  taken  to  be  representative  of  concrete  made  under  all 
conditions,  it  gives  values  which  stand  in  the  proper  relation  to  each  other. 

7.  A  study  of  the  stress-deformation  data  for  a  great  number  of  materials, 
including  woods,  metals,  stone,  brick,  brick  piers,  rubber,  rope,  and  concrete 
of  many  kinds,  indicates  that  the  relation  expressed  by  Eq.  1  is  applicable 
to  all  materials. 

8.  A  study  of  the  action  of  the  2  extensometers  used  for  these  tests 
showed  that  the  Ames  dial  gave  much  more  uniform  results  than  the  Johnson 
wire-wound  dial. 

9.  Values  of  modulus  of  elasticity  should  be  the  average  of  10  or  more 
tests  in  order  to  secure  concordant  results. 

10.  The  point  where  the  law  expressed  by  Eq.  1  no  longer  holds  is  ap¬ 
proximately  the  same  as  that  called  the  “yield  point”  of  concrete  by  certain 
writers.  Values  of  “yield  point”  obtained  in  this  way  varied  from  50  to 
90  per  cent  of  the  c@mpressive  strength. 

1  (Note  to  Revised  Edition.)  Tests  reported  in  Table  4  and  platted  in  Fig.  21  show  the  modulus  of 
elasticity  at  5  years  to  be  lower  than  at  3  years.  The  reason  for  this  discrepancy  has  not  been  satisfactorily 
explained.  In  general  the  strength  increased  for  all  ages  up  to  5  years. 
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Table  1. — Tests  of  Cement. 

The  portland  cement  consisted  of  a  mixture  of  equal  parts  of  4  brands  purchased  in  Chicago. 

All  tests  made  in  accordance  with  standard  methods  of  the  American  Society  for  Testing  Materials. 


Miscellaneous  Tests. 


Cement 

Lot 

No. 

Used 

in 

Series. 

Concrete 
Tests 
[Reported 
i,  in  Table.  [ 

Fineness 

Residue 

on 

No.  200 
Sieve. 

Normal 
Consist¬ 
ency,  per 
cent  by 
weight. 

Time  of  Setting. 

Sound¬ 

ness 

Test 

(over 

boiling 

water). 

Vicat 

Needle 

Gillmore  Needle 

Initial 
h  m 

Final 
h  m 

Initial 
h  m 

Final 
h  m 

3909 

83 

4 

19.3 

23.0 

3  15 

6  30 

5  00 

7  25 

O.K. 

3965 

89,  93 

5,  6,  7,  8 

18.8 

23.0 

3  40 

7  36 

5  15 

8  32 

“ 

4035 

96,  97,  98,  99 

9,  10,  11,  12, 

17.5 

23.0 

3  45 

9  00 

6  00 

9  30 

“ 

4135 

104 

13 

18.0 

23.0 

4235 

114 

14 

19.9 

23.0 

3  13 

6  6 

3  57 

7  7 

“ 

Average. 

18.7 

23.0 

3  30 

7  18 

5  3 

8  8 

Mortar  Strength  Tests. 
1:3  standard  sand  mortar. 


Cement 

Lot 

No. 

Mixing 

Water, 

per 

cent. 

Briquets, 
Tensile  Strength, 
lb.  per  sq.  in. 

2  by  4-in.  Cylinders,  ' 
Compressive  Strength, 
lb.  per  sq.  in. 

7  d. 

28  d. 

3  m. 

6  m. 

ly. 

2  y. 

5y. 

7  d. 

28  d. 

3  m. 

6  m. 

ly. 

2  y. 

5  y. 

3909 

10.3 

310 

387 

408 

450 

397 

367 

380 

1960 

3390 

4530 

4790 

4890 

4160 

4300 

3965 

10.3 

242 

378 

462 

440 

387 

369 

360 

1770 

3360 

4380 

4570 

4490 

4650 

3440 

4035 

10.3 

246 

386 

402 

424 

374 

341 

355 

1700 

2640 

3750 

4120 

3810 

4320 

4120 

Average. 

10.3 

276 

384 

418 

438 

386 

359 

365 

1810 

3130 

4210 

4490 

4400 

4380 

3950 

Modulus  of  Elasticity  of  Concrete 
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Table  2— Miscellaneous  Data  of  Aggregates. 


The  sieves  were  made  of  square  mesh  wire  cloth  manufactured  by  The  W.  S.  Tyler  Co.  Each  sieve  has  a 
clear  opening  of  twice  the  width  of  the  preceding  sieve.  In  the  order  given  at  the  head  of  the  table  and  be¬ 
ginning  with  100  the  widths  of  clear  openings  in  inches  are  as  follows:  0 .0058,  0 .0116,  0 .023,  0 .046,  0 .093, 
0.185,  0.37,  0.75  and  1.5. 


Size. 

Kind. 

Used 

in 

Series. 

Con¬ 

crete 

Tests 

in 

Table 

Weight 
b.  per 
cu.  ft. 

Sieve  Analysis.  1 

(Percent  Coarser  than  Each  Sieve.) 

Fine¬ 

ness 

Modu¬ 

lus.0 

100® 

OO 

0- 

28b 

14b 

8 

4 

Vs 

% 

I'A 

0—1 M 

Sand  and  Pebbles..  . 

83 

4 

131 

99 

97 

87 

81 

74 

67 

55 

40 

0 

6.00 

0—  54 

Sand  and  Pebbles. .  . 

83 

4 

127 

99 

94 

77 

64 

52 

40 

24 

0 

4 .50 

115 

99 

90 

61 

40 

20 

0 

3.10 

0-1 M 

Sand  and  Limestone 

83 

4 

130 

100 

96 

84 

75 

66 

58 

51 

20 

0 

5.50 

0—154 

Sand  and  Pebbles..  . 

89 

5 

130 

100 

97 

89 

84 

79 

56 

50 

18 

0 

5.73 

104 

98 

89 

42 

0 

2.29 

6*  7  8 

110 

99 

92 

58 

28 

0 

2.77 

93 

fi’  7*  8 

115 

99 

94 

70 

48 

28 

0 

3.39 

0—  Vs 

93 

e;  7;  8 

124 

99 

95 

77 

60 

44 

23 

0 

3.98 

0—  % 

93 

6,7,8 

126 

100 

96 

79 

75 

65 

51 

31 

0 

4 .97 

0—2 

Sand  and  Pebbles.. . 

93 

6,7,8 

128 

100 

99 

94 

90 

86 

80 

60 

40 

20 

6.69 

0-154 

Sand  and  Pebbles..  . 

96,  97 

9 

130 

100 

98 

90 

82 

76 

66 

49 

,  16 

0 

5.77 

0—154 

Sand  and  Pebbles. 

98 

10,  11 

126 

99 

98 

91 

85 

80 

73 

51 

22 

0 

6  00 

0—154 

Sand  and  Limestone 

98 

10,  11 

121 

99 

98 

91 

85 

80 

73 

51 

22 

0 

6.00 

6—1 51 

Sand  and  Slag . 

98 

10,  11 

117 

99 

98 

91 

85 

80 

73 

51 

22 

0 

6.00 

0—1 54 

Sand  and  Granite..  . 

98 

10,  11 

115 

99 

98 

91 

85 

80 

73 

51 

22 

0 

6.00 

102 

87 

33 

0 

10,  11 

105 

93 

87 

40 

0 

2.20 

108 

95 

90 

55 

25 

0 

2.65 

98 

112 

96 

93 

66 

45 

25 

0 

3.25 

0—  Vs 

Sand  and  Pebbles..  . 

98 

10,  11 

121 

98 

96 

82 

69 

59 

46 

0 

4.50 

0—54 

Sand  and  Pebbles..  . 

98 

10,  11 

124 

99 

97 

89 

80 

74 

65 

36 

0 

'  -id 

5.40 

0-154 

Sand  and  Pebbles..  . 

98 

10,  11 

125 

99 

98 

90 

85 

80 

72 

49 

17 

5 .90 

0-154 

Sand  and  Pebbles.. . 

99 

12 

134 

100 

98 

90 

82 

76 

67 

47 

20 

0 

5.80 

102 

87 

33 

0 

1.20 

105 

93 

87 

40 

0 

2.20 

13 

108 

95 

90 

55 

25 

0 

2.65 

13 

112 

99 

93 

58 

33 

17 

0 

3.00 

0—  Vs 

Sand  and  Pebbles.. 

104 

13 

121 

99 

95 

72 

55 

44 

35 

0 

4.00 

0—  54 

Sand  and  Pebbles.. 

104 

13 

124 

100 

97 

83 

70 

65 

55 

30 

0 

5 .00 

0—154 

Sand  and  Pebbles.. 

104 

13 

126 

100 

98 

87 

79 

74 

69 

48 

20 

0 

0—154 

Sand  and  Pebbles. . 

104 

13 

119 

99 

95 

69 

50 

38 

25 

17 

7 

0 

0—154 

Sand  and  Pebbles.. 

104 

13 

125 

99 

96 

79 

66 

59 

50 

36 

15 

0 

5 .00 

0—154 

Sand  and  Pebbles.. 

104 

13 

126 

100 

97 

84 

75 

69 

63 

43 

19 

0 

5 .50 

0—154 

Sand  and  Pebbles. . 

104 

13 

126 

10( 

98 

87 

79 

74 

69 

48 

20 

0 

5.75 

0—154 

104 

13 

128 

100 

98 

89 

83 

79 

75 

53 

23 

0 

6 .00 

0—lV 

Sand  and  Pebbles.. 

104 

13 

125 

10( 

99 

92 

87 

84 

82 

57 

24 

0 

6 .25 

o—l  5< 

Sand  and  Pebbles.. 

104 

13 

120 

100 

99 

95 

92 

90 

88 

60 

26 

0 

6.50 

114 

14 

105 

97 

89 

34 

0 

2.20 

114 

14 

108 

97 

90 

50 

23 

0 

2.60 

114 

14 

112 

98 

93 

6C 

39 

20 

0 

.  .  .  . 

3.10 

o—  y 

Sand  and  Pebbles. 

114 

14 

121 

9S 

96 

79 

68 

59 

49 

0 

4.50 

o—  y 

114 

14 

124 

99 

9P 

8C 

78 

71 

65 

44 

5 .40 

O-tV 

Sand  and  Pebbles.. 

114 

14 

128 

99 

98 

8" 

8C 

74 

68 

51 

18 

5 .75 

a  Number  of  openings  per  linear  inch. 

b  (Note  to  Revised  Edition.)  The  No.  48,  28  and  14-mesh  sieves  are  identical  with  No.  50,  30,  and 
16  now  used  in  the  “Tentative  Method  of  Test  for  Sieve  Analysis  of  Aggregates  for  Concrete  ot  the 
American  Society  for  Testing  Materials.  The  No.  50,  30  and  16  sieves  are  now  used  in  all  our  tests. 
e  Sum  of  percentages  in  sieve  analysis  divided  by  100. 
d  Retained  on  1-in.  sieve;  not  used  in  calculating  fineness  modulus. 
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Table  3. — Typical  Stress-Deformation  Relation  for  Concrete. 

(Data  from  Series  120.) 

Compression  tests  of  6  by  12-inch  cylinders. 

For  details  of  tests  see  Fig.  3. 


Unit 


Unit  Deformation,  inches  per  inch. 


Stress, 
lb.  per 
sq.  in. 

190  C 

187  C 

188  C 

221  C 

224  C 

Experi- 

Calcu- 

Experi- 

Calcu- 

Experi- 

Calcu- 

Experi- 

mental. 

lated. 

mental. 

lated. 

mental. 

lated. 

mental. 

lated. 

mental. 

lated. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

o 

100 

200 

0 .00001 

2 

0.00001 

3 

0 .00001 

2 

0.00001 

2 

0.00002 

2 

0.00001 

3 

0.00003 

6 

0.00003 

7 

0.00002 

8 

0.00002 

8 

300 

5 

5 

4 

4 

5 

5 

11 

11 

12 

12 

400 

6 

7 

5 

6 

6 

7 

16 

16 

17 

17 

500 

10 

10 

8 

8 

9 

9 

21 

21 

22 

24 

600 

12 

12 

10 

10 

12 

12 

26 

26 

31 

31 

700 

13 

14 

12 

12 

13 

14 

31 

31 

40 

38 

800 

18 

17 

13 

14 

14 

16 

38 

38 

47 

46 

900 

21 

20 

16 

16 

18 

18 

42 

43 

60 

54 

1000 

22 

22 

18 

18 

22 

21 

49 

49 

75 

63 

1500 

38 

36 

31 

30 

34 

34 

88 

83 

2000 

52 

52 

43 

43 

48 

48 

2500 

68 

68 

55 

55 

62 

63 

3000 

79 

84 

68 

68 

74 

76 

3500 

95 

102 

87 

83 

88 

91 

4000 

172 

96 

104 

107 

4500 

121 

123 

5000 

142 

141 

Ultimate 

Strength, 

lb.persq. 

inch . 

4  200 

4  010 

5  210 

890 

060 

n . 

0.824 

0.810 

0.844 

0.812 

0.715 

K ,  lb.  per 

sq.in.. 

1  030  000 

1  040  000 

1  260  000 

478  000 

196  000 

Modulus  of  Elasticity  of  Concrete 
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Table  4. — Modulus  of  Elasticity  of  Concrete. 

(Consistency,  Size  of  Aggregate,  Age;  Series  83.) 

Compression  tests  of  6  by  12-inch  cylinders. 

Hand-mixed  concrete. 

Mix  1-5  by  volume. 

Stored  in  damp  sand;  tested  damp. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.;  limestone  from  Chicago. 

In  general,  each  value  is  the  average  of  5  tests  made  on  different  days. 

The  1-year  modulus  of  elasticity  values  are  the  average  of  2  or  3  tests. 


Aggregate. 

Mixing  Water 

Compressive  Strength 
lb.  per  sq.  in. 

Initial  Modulus  of  Elasticity 
1000  lb.  per  sq.  in. 

Size 

Fine¬ 

ness 

Modu¬ 

lus. 

Rela¬ 

tive 

Con¬ 

sist¬ 

ency. 

Water 

Ratio 

7  d. 

28d. 

6  m. 

iy. 

2y. 

3  y. 

5y. 

7  d. 

28d. 

6  m. 

iy. 

>> 

CO 

>> 

<M 

5y. 

Sand  and  Pebbles. 


0  80 

0.66 

2230 

3250 

3870 

4430 

4860 

5510 

4540 

2750 

4250 

5820 

5880 

7770 

6900 

0  90 

0.74 

202C 

356C 

4241 

4580 

5230 

6540 

6310 

2730 

4920 

6160 

6200 

6800 

6800 

6480 

o-m 

6  00 

1 .00 

0.82 

166C 

3150 

4376 

4880 

4960 

5780 

5870 

3350 

4300 

4860 

6000 

6420 

6070 

6220 

1.10 

0.91 

126C 

2720 

3770 

4370 

4490 

5480 

5530 

2640 

4020 

5520 

4100 

6720 

6870 

6200 

1  25 

1  03 

90C 

2220 

3216 

3330 

3590 

4370 

4430 

2970 

3940 

4600 

4600 

6360 

6530 

5660 

1.50 

1.24 

526 

1340 

2080 

2290 

2750 

3780 

2790 

3300 

4820 

6800 

6540 

5370 

4900 

Average. 

1430 

2710 

3590 

3980 

4310 

5240 

4910 

2890 

4120 

5300 

5540 

6450 

6570 

6060 

0.70 

0.74 

1060 

1890 

2460 

2780 

3110 

3240 

3230 

2670 

3140 

4040 

4350 

5340 

4770 

5160 

0  80 

0.85 

1070 

2140 

2820 

3110 

3590 

3910 

3610 

2780 

3590 

3760 

5950 

6120 

6780 

5320 

0.90 

0.95 

990 

2020 

2930 

3120 

3510 

4050 

4100 

2310 

3150 

4040 

5550 

5460 

5970 

5100 

0-H 

4.50 

1  00 

1.06 

790 

1700 

2730 

2910 

3450 

3830 

3850 

2660 

3550 

4000 

6200 

5660 

7400 

5520 

1.10 

1.17 

630 

1530 

2490 

2530 

3050 

3380 

3510 

2420 

3850 

3980 

5000 

5620 

6200 

5120 

1.25 

1.33 

470 

1140 

2030 

2260 

2790 

2780 

2910 

1350 

2820 

3920 

3800 

5240 

4730 

4780 

1.50 

1.60 

330 

880 

1510 

1870 

2050 

2240 

2070 

1410 

2670 

4120 

3350 

4640 

4870 

4080 

760 

1620 

2420 

2650 

3080 

3350 

3330 

2230 

3250 

3980 

4890 

5440 

5820 

5010 

0.70 

0.89 

580 

1060 

1710 

1830 

2020 

2190 

2100 

1420 

2730 

3760 

4850 

3140 

3500 

3380 

0.80 

1.02 

530 

1090 

1740 

1810 

2350 

2240 

2240 

1610 

3350 

3440 

3570 

3840 

3820 

3680 

0.90 

1 .15 

510 

1120 

1770 

2030 

2270 

2320 

2350 

1200 

2840 

3820 

4400 

4160 

3950 

3420 

0—4 

3.10 

1.00 

1.28 

420 

990 

1500 

1940 

2080 

2260 

2390 

1250 

2400 

3720 

3550 

3880 

4070 

3530 

1.10 

1.40 

350 

810 

1380 

1520 

1910 

1850 

2060 

1470 

2020 

2740 

3370 

3980 

3570 

3420 

1.25 

1.60 

260 

580 

1240 

1470 

1610 

1840 

1630 

810 

1900 

2380 

3330 

3160 

3930 

3000 

1.50 

1.92 

180 

490 

910 

1120 

1170 

1400 

1320 

740 

1550 

2460 

2670 

2400 

2750 

2800 

Average. 

400 

880 

1460 

1670 

1920 

2010 

2010 

1210 

2400 

3190 

3680 

3510 

3660 

3320 

Sand  and  Crushed  Limestone. 


0.70 

0.63 

1280 

1970 

2490 

2740 

2580 

3180 

3540 

2820 

3190 

4080 

4370 

5700 

4750 

5060 

0  80 

0.72 

1350 

2500 

3350 

3540 

3760 

3760 

3730 

2500 

3810 

4520 

6030 

6600 

5980 

5700 

0.90 

0.81 

1590 

2650 

3820 

3630 

5260 

5580 

5060 

5340 

4100 

5380 

5600 

6030 

6600 

6300 

5  50 

1.00 

0.90 

1360 

2720 

3480 

4540 

5110 

5900 

5740 

3270 

4300 

5320 

5830 

6930 

6350 

6040 

1.10 

0.99 

1100 

2410 

3820 

4330 

4860 

5420 

5610 

3600 

4950 

5080 

5930 

6470 

6500 

6180 

1.25 

1.13 

730 

1610 

3040 

3290 

3760 

4220 

4220 

2470 

4130 

5760 

4830 

6380 

6450 

6240 

1.50 

1.35 

420 

1010 

1710 

2040 

2400 

3080 

2560 

1220 

3100 

4600 

4330 

6280 

5720 

5400 

1120 

2120 

3100 

3440 

3960 

4450 

4350 

3030 

3940 

4960 

5260 

6340 

6050 

5850 

Average. 
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Table  5. — Modulus  op  Elasticity  of  Concrete. 

(Consistency,  Age;  Series  89. )x 

Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Machine-mixed  concrete. 

Mix  1:4  by  volume. 

Stored  in  damp  sand,  tested  damp. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.;  graded  0-1J4  in. 

Each  value  is  the  average  of  24  tests  from  6  mixing  times  from  %  to  10  min. 


Mixing  Water. 

Compressive  Strength, 
lb.  per  sq.  in. 

Initial  Tangent  Modulus  of 

B  Elasticity,  1000  lb.  per  sq.  in. 

Relative 

Water 

28  d. 

2  m. 

Consist¬ 

ency. 

Ratio. 

7  d. 

28  d. 

2  m. 

7  d. 

0.90 

0.66 

1870 

3480 

4070 

3400 

5440 

5630 

1.00 

0.72 

1390 

2710 

3470 

3790 

3990 

5220 

1.10 

0.80 

1200 

2460 

3170 

3010 

4480 

4560 

1.25 

0.91 

960 

1850 

2570 

2680 

3360 

4590 

1.50 

1.08 

510 

1080 

1660 

1740 

4260 

3850 

2.00 

1.45 

190 

560 

920 

3020 

3480 

Average. . . 

1020 

2020 

2640 

2920 

4090 

4560 

1  For  details  see  “Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete,”  by  D.  A.  Abrams , 
Proc.  Am.  Concrete  Inst.,  1918. 
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Table  6. — Modulus  of  Elasticity  of  Concrete. 

(Time  of  Machine  Mixing.) 

Compression  tests  of  6  by  12-inch  concrete  cylinders. 

Stored  in  damp  sand;  tested  damp. 

Aggregate:  Sand  and  pebbles  from  Elgin,  Ill.;  graded  0 — llA  inch. 

For  Series  89,  each  value  is  the  average  of  24  tests  from  6  consistencies,  for  a  1:4  mix. 
For  Series  93,  each  value  is  the  average  of  60  tests  from  8  mixes  and  7  gradings. 


Time  of 
Mixing, 
min. 

Compressive  Strength, 
lb.  per  sq.  in. 

Initial  Tangent  Modulus  of  Elasticity, 

1000  lb.  per  sq.  in. 

7  d. 

28  d. 

2  m. 

3  m. 

ly. 

7  d. 

28  d. 

2  m. 

3  m. 

ly. 

Data  from  Series  89.1 


10 . 

1450 

2570 

3210 

3090 

4180 

4700 

5 . 

1280 

2470 

3040 

3090 

4490 

4550 

2 . 

1010 

2020 

2670 

2970 

4400 

3960 

1 . 

1010 

2140 

2760 

2750 

4390 

4840 

Vi . 

840 

1820 

2500 

3010 

4080 

4990 

lA . 

790 

1610 

2230 

2340 

3320 

4210 

Average. 

1060 

2100 

2740 

2880 

4140 

4540 

Data  from  Series  931 


10 . 

1010 

1860 

2800 

3760 

2290 

3380 

5740 

5 . 

830 

1750 

2880 

3740 

2330 

3610 

4490 

6350 

2 . 

650 

1540 

2630 

3440 

1840 

2950 

4240 

5960 

1 . 

480 

1440 

2450 

3340 

1890 

2750 

3460 

5480 

34 . 

430 

1200 

2200 

2950 

1470 

2630 

3460 

4990 

M . 

380 

1080 

1950 

2640 

1530 

2410 

3550 

4870 

Average. 

630 

1480 

2480 

3310 

1890 

2960 

4160 

5530 

1  For  details  see  “Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete,”  by  D.  A.  Abrams, 
Proc.  Am.  Concrete  Inst.,  1918. 
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Table  7. — Modulus  of  Elasticity  of  Concrete. 

(Quantity  of  Cement,  Size  of  Aggregate,  Age;  Series  93. )x 

Compression  tests  of  6  by  12-inch  cylinders. 

Machine-mixed  concrete. 

Mix  by  volume. 

Relative  consistency,  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill. 

Stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  24  tests  from  6  mixing  times  from  ]/i  to  10  min. 


Mix 

by 

Aggregate. 

Water 

Compressive  Strength, 
lb.  per  sq.  in. 

Initial  Tangent  Modulus  of 
Elasticity,  1000  lb.  per  sq.  in. 

Vol. 

Size. 

F.M. 

Ratio. 

7  d. 

28  d. 

3  m. 

ly. 

7  d. 

28  d. 

3  m. 

Iy. 

Quantity  of  Cement. 


1:2... . 

0-1H 

5.75 

0.60 

1760 

3600 

5380 

6540 

3620 

4170 

4720 

7440 

1:3...  . 

0.70 

1310 

2990 

4720 

5740 

3700 

4050 

5320 

8070 

1:4...  . 

0.81 

960 

2270 

3780 

4950 

2930 

3880 

5160 

7160 

1:5...  . 

0.91 

760 

1830 

3030 

4170 

2250 

3680 

4740 

6750 

1:6...  . 

1.01 

700 

1740 

2820 

3740 

2030 

3420 

5300 

6870 

1:7...  . 

1.10 

640 

1520 

2490 

3580 

2940 

3940 

4730 

6560 

1:9...  . 

1.32 

390 

950 

1710 

2420 

1380 

3290 

4160 

5930 

1:15... 

1.94 

180 

410 

710 

1090 

720 

1800 

3060 

3220 

Average . 

840 

1910 

3080 

4030 

2450 

3530 

4650 

6500 

Size  of  Aggregate. 


0-14 

2.30 

1.57 

120 

310 

640 

980 

460 

1060 

2000 

2000 

0-8 

2.80 

1.51 

160 

410 

830 

1310 

600 

1220 

2100 

2430 

0-4 

3.40 

1.43 

200 

500 

1100 

1570 

780 

1700 

2370 

3060 

1:5.  . 

4.00 

1.25 

320 

890 

1830 

2000 

970 

2430 

3580 

4660 

o-v, 

5.00 

1.08 

470 

1300 

2600 

3290 

1610 

2940 

4240 

6350 

0-1 K 

5.75 

0.91 

760 

1830 

3030 

4170 

2250 

3680 

4740 

6750 

0-2 

6.70 

0.82 

850 

1990 

3150 

4300 

2500 

3800 

5280 

6940 

Average . 

410 

1030 

1880 

2610 

1310 

2400 

3470 

4600 

1  For  details  see  “Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete,”  by  D.  A.  Abrams, 
Proc.  Am.  Concrete  Inst.  1918. 
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Table  8. — Modulus  of  Elasticity  of  Concrete. 

(Quantity  of  Cement,  Size  of  Aggregate,  Age;  Series  93. )l 

Compression  tests  of  6  by  12-inch  cylinders. 

Hand-mixed  concrete. 

Mix  by  volume. 

Relative  consistency,  1.10. 

Aggregate:  Sand  and  pebbles  from  Elgin,  Ill. 

Stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  4  tests  made  on  different  days. 


Mix 

by 

Aggregate. 

Water 

Compressive  Strength, 
lfe.  per  sq.  in. 

Initial  Tangent  Modulus  of 
Elasticity,  1000  lb.  per  sq.  in. 

Vol. 

Size. 

F.  M. 

Ratio. 

7  d. 

28  d. 

3  m. 

ly. 

7  d.  ' 

28  d. 

3  m. 

ly. 

Quantity  of  Cement. 


1:2...  . 

o-iy2 

5.75 

0.50 

1560 

3380 

5060 

6400 

3500 

3320 

5820 

4900 

1:3...  . 

0.70 

1300 

2780 

4200 

6000 

3050 

3320 

5400 

6080 

1:4... 

0.81 

940 

2180 

3660 

4600 

2420 

4000 

5120 

7220 

1:5...  . 

0.91 

760 

1950 

3480 

4400 

2350 

2950 

4950 

7100 

1:6...  . 

1.01 

580 

1670 

3090 

3800 

1900 

3750 

5350 

6880 

1:7...  . 

1.10 

530 

1430 

2550 

3220 

2020 

2800 

5600 

6570 

1:9.  .  . 

1.32 

360 

1030 

1870 

2450 

2130 

4100 

4200 

5350 

1:15... 

1.94 

190 

440 

800 

1030 

800 

2270 

2930 

2870 

Average . 

780 

1860 

3090 

3990 

2270 

3310 

4920 

5870 

Size  of  Aggregate. 


0-14 

2.30 

1.57 

140 

380 

870 

1350 

380 

1700 

2530 

2580 

0-8 

2.80 

1.51 

160 

500 

950 

1480 

600 

2230 

2000 

2680 

0-4 

3  40 

1.43 

180 

600 

1310 

1890 

800 

2070 

2950 

3430 

1:5... 

0-Vh 

4.00 

1.25 

270 

900 

1720 

2540 

1170 

1700 

3600 

5700 

0-44 

5  00 

1 .08 

440 

1260 

2550 

2960 

2850 

2520 

4000 

7850 

0-1  */, 

5.75 

0.91 

760 

1950 

3480 

4400 

2350 

2950 

4950 

7100 

0-2 

6.70 

0.82 

670 

2000 

3500 

4760 

1800 

3320 

4800 

6700 

Average . 

370 

1080 

2060 

2770 

1420 

2360 

3550 

5150 

1  For  details  see  “Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete,”  by  D.  A.  Abrams, 
Proc.  Am.  Concrete  Inst.,  1918. 
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Table  9. — Modulus  of  Elasticity  of  Concrete. 

(Consistency — Age.) 

Compression  tests  of  6  by  12-inch  cylinders. 

Machine-mixed  concrete. 

Mix  by  volume. 

Stored  in  damp  sand;  tested  damp. 

Aggregate;  sand  and  pebbles  from  Elgin,  Ill.;  graded  0-1K  in. 

For  Series  96,  each  value  is  the  average  of  24  tests  from  6  rates  of  rotation  of  mixer  drum  from  8  to  30  r.p.m . 
For  Series  97,  each  value  is  the  average  of  105  tests  from.21  temperatures  of  mixing  water  from  0  to  100°  C . 


Mixing  Water. 

Compressive  Strength, 
lb.  per  sq.  in. 

Initial  Tangent  Modulus  of 
Elasticity,  1000  lb.  per  sq.  in. 

Relative 

Consist- 

Water 

Ratio. 

7  d. 

28  d. 

3  m. 

ly. 

28  d. 

3  m. 

ly. 

ency. 

Mix  1:5 — Data  from  Series  961. 


1.00 

0.83 

1120 

2670 

4160 

5180 

3290 

5210 

6070 

1.10 

0.91 

720 

2080 

3220 

4280 

3790 

4550 

5730 

1.10 

0.91 

740 

1930 

3300 

4140 

4190 

5350 

5280 

1.10 

0.91 

830 

2010 

3080 

4100 

3850 

5520 

5720 

1.25 

1.04 

560 

1410 

2770 

3570 

3380 

4870 

5230 

1.50 

1.21 

360 

970 

1780 

2660 

3430 

4240 

4840 

Average. . . 

720 

1840 

3050 

3990 

3660 

4960 

5480 

Mix  1:4— Data  from  Series  97.1 


0.90 

0.68 

1740 

3440 

4740 

4300 

5700 

1.00 

0.76 

1370 

3080 

4380 

3910 

5350 

1.10 

0.83 

1120 

2720 

4090 

3740 

5320 

1.25 

0.95 

950 

2160 

3450 

3470 

4830 

Average . . . 

1300 

2850 

4160 

3860 

5300 

1  For  details  see  “Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete,  by  D.  A.  Abrams, 
Proc.  Am.  Concrete  Inst.,  1918. 
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Table  10. — Modulus  of  Elasticity  of  Concrete. 
(Mix  and  Kind  of  Aggregate — Series  98.) 

Compression  tests  of  6  by  12-inch  cylinders. 

Mix  by  volume. 

Fine  aggregate;  0-No.  4  sand  from  Elgin,  Ill. 

Coarse  aggregate;  No.  4-1J4  in. 

Relative  consistency,  1.10. 

Age  at  test  3  months. 

Each  value  for  air-stored  specimens  is  the  average  of  2  tests  made  on  different  days. 
Each  value  for  sand-stored  specimens  is  the  average  of  3  tests  made  on  different  days. 


Mix 

Water 

Ratio. 

Stored  in  Sand  14  d.,  Air  77  d. 

Stored  in  Sand  3  m. 

Average 
of  all 
Condi¬ 
tions. 

by 

Vol, 

Lime¬ 

stone. 

Peb¬ 

bles. 

Slag. 

Gran¬ 

ite. 

Aver¬ 

age. 

Lime¬ 

stone. 

Peb¬ 

bles. 

Slag. 

Gran¬ 

ite. 

Aver¬ 

age. 

Compressive  Strength,  lb.  per  sq.  in. 


1:6 

1  04 

2120 

2160 

1790 

2020 

2020 

2560 

2690 

2820 

2440 

2620 

2320 

1:5 

0.92 

2880 

2890 

2460 

2340 

2640 

3550 

3360 

2970 

3350 

3310 

2970 

1:4H 

0.87 

3320 

3040 

2820 

2870 

3010 

3660 

3660 

3590 

‘  3680 

3640 

3340 

1:4 

0.82 

3250 

3740 

3620 

3590 

3550 

4180 

4110 

3810 

4390 

4120 

3840 

1:3  M 

0.77 

4510 

3980 

4100 

4740 

4330 

4520 

4400 

4470 

4080 

4370 

4350 

1:3 

0.71 

4750 

5060 

4620 

5230 

4920 

4870 

4390 

4660 

5340 

4820 

4870 

1:2 

0  61 

5140 

4520 

5440 

4980 

5020 

5700 

5320 

6060 

6160 

5810 

5420 

Average . 

3710 

3630 

3550 

3680 

3640 

4150 

3990 

4050 

4260 

4100 

3870 

•  “Initial  Tangent”  Modulus  op  Elasticity,  1000  lb.  per  sq.  in. 


1:6 

1.04 

3500 

4800 

3500 

5300 

4280 

5800 

5000 

4900 

5230 

5230 

4750 

1:5 

0.92 

5000 

5700 

4600 

5500 

5200 

5900 

5500 

5430 

7200 

6010 

5600 

1:4H 

0.87 

4600 

6200 

5500 

5400 

5420 

5900 

5000 

5500 

6500 

5720 

5570 

1:4 

0.82 

5800 

4800 

4100 

5700 

5100 

7600 

5900 

6000 

5700 

6300 

5700 

1:3HI 

0.77 

7500 

4800 

6700 

4800 

5950 

6600 

6200 

6000 

5600 

6100 

6020 

1:3 

0.71 

6500 

4800 

5200 

4800 

5320 

6200 

5900 

6900 

6600 

6400 

5860 

1:2 

0.61 

5700 

4800 

6700 

7000 

6050 

6600 

6200 

7100 

5500 

6350 

6200 

Average . 

5510 

5130 

5190 

5500 

5330 

6370 

5670 

5980 

6050 

6020 

5670 

Tangent  Modulus  op  Elasticity  at  25  Per  Cent  Load,  1000  lb.  per  sq.  in. 


1:6 

1.04 

2820 

3780 

3200 

3270 

3270 

4520 

4380 

3780 

3510 

4050 

3660 

1:5 

0.92 

2870 

3540 

2890 

3400 

3180 

4610 

4720 

4730 

4940 

4750 

3970 

1:4  H 

0.87 

2920 

4950 

3370 

3680 

3730 

4450 

3980 

4110 

4740 

4320 

4030 

1:4 

0.82 

3740 

2880 

2680 

4860 

3540 

5890 

4200 

4720 

3730 

4640 

4090 

1:3  K 

0.77 

5600 

2770 

5200 

2900 

4120 

3500 

4570 

5540 

4890 

4620 

4370 

1:3 

0.71 

4500 

3140 

3730 

4280 

3910 

4510 

4040 

5360 

5300 

4800 

4360 

1:2 

0.61 

3760 

2910 

3960 

4500 

3780 

5250 

4160 

5780 

3400 

4650 

4220 

Average . 

3740 

3420 

3580 

3840 

3650 

4680 

4290 

4860 

4360 

4550 

4100 

* 
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Table  11. — Modulus  of  Elasticity  of  Concrete. 

(Grading  and  Size  of  Aggregate;  Series  98.) 


Compression  tests  of  6  by  12-inch  cylinders. 

Hand-mixed  concrete. 

Mix  1:4  by  volume. 

Relative  consistency,  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill. 

Average  of  specimens  stored  14  days  and  90  days  in  damp  sand. 

Age  at  test  3  months. 

In  general,  each  value  is  the  average  of  5  tests  made  on  different  days. 


Size 

Fineness 

Water 

Ratio. 

Compressive 

Initial  Tangent 

Tangent  Modulus 

of 

Modulus  of 

Strength, 

Modulus,  1000 

at  25  per  cent  load 

Aggregate. 

Aggregate. 

lb.  per  sq.  in. 

lb.  per  sq.  in. 

1000  lb.  per  sq.  in. 

4.00 

1.04 

2130 

4570 

3340 

5  00 

0.92 

3170 

4840 

3590 

0-l}4 

5  50 

0.88 

3560 

5440 

3980 

5.75 

0  85 

3650 

5530 

4020 

6.00 

0.82 

3610 

5360 

3910 

6.25 

0  80 

3550 

5320 

3940 

0-28 

1  20 

1.33 

890 

1900 

1800 

0-14 

2.20 

1.22 

1380 

2300 

1920 

0-8 

2  65 

1.18 

1790 

4300 

2940 

0-4 

3.25 

1 .10 

2230 

4700 

3580 

0-Vs 

4  50 

0.98 

3430 

5400 

4400 

0-H 

5  40 

0.89 

3410 

4600 

3400 

0-lH 

5.90 

0.83 

3650 

5300 

4470 

0-VA 

6  00 

0.82 

3560 

5800 

3900 
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Table  12. — Modulus  of  Elasticity  of  Concrete. 
(Mix  and  Gage  Length — Series  99.) 

Compression  tests  of  6  by  12-inch  cylinders. 

Hand-mixed  concrete. 

Mix  by  volume. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.;  graded  0-1)4  in. 

Relative  consistency,  1.00. 

Specimens  stored  in  damp  sand;  tested  damp. 

Age  at  test,  28  days. 

Each  value  is  the  average  of  20  tests  made  on  different  days. 

K  and  n  are  factors  in  Eq.  1,  page  9. 


Modulus  of  Elasticity,  1000  lb. 

per  sq.  in. 

someter 

pressive 

of  K  in 

Value 

For  Different  Percentaees  of  Load 

1000 

Length, 

Ratio. 

lb.  per 

lb.  per 

n. 

Tan- 

Tangent  Modulus. 

Secant  Modulus. 

sq.  in. 

sq.  in. 

gent. 

5 

10 

15 

25 

50 

5 

10 

15 

25 

50 

Mix  1:7. 

4 

1.06 

1740 

419 

0.756 

3800 

4900 

3920 

3400 

2840 

2290 

6460 

5250 

4510 

3760 

2980 

6 

1810 

475 

0.773 

3810 

5070 

3881 

354C 

2880 

2280 

7040 

5350 

4580 

3810 

2940 

8 

1830 

500 

0.784 

3650 

464C 

372C 

328C 

282C 

2360 

6200 

4960 

4360 

3700 

3080 

10 

1750 

594 

0.804 

3610 

4430 

3640 

3290 

2720 

2290 

5920 

4640 

4050 

3450 

2860 

Average. 

1780 

3720 

4760 

3790 

3380 

2820 

2310 

6400 

5050 

4380 

3680 

2970 

Mix  1:5. 

4 

0.86 

2700 

942 

0.839 

4240 

4480 

3910 

3540 

3210 

2840 

5520 

4640 

4270 

3870 

3410 

6 

2550 

689 

0.802 

4280 

4870 

3720 

3500 

3140 

2850 

7390 

5050 

4500 

3930 

3340 

8 

2530 

525 

0.770 

4080 

5180 

4050 

3520 

2990 

2450 

7310 

5550 

4740 

3920 

3140 

10 

255U 

651 

0.797 

4120 

4590 

3780 

3360 

2920 

2480 

6030 

4880 

4310 

3710 

3100 

Average. 

2580 

4180 

4780 

3870 

3480 

3070 

2660 

6560 

5030 

4460 

3860 

3250 

Mix  1:4. 

4 

0.76 

3100 

1160 

0.862 

4490 

4340 

3780 

3490 

3280 

2840 

5150 

4470 

4130 

3770 

3350 

6 

3140 

865 

0.818 

4510 

5020 

4140 

3730 

3310 

2820 

6460 

5250 

4690 

4100 

3450 

8 

3100 

652 

0.790 

4090 

5070 

4090 

3600 

3070 

2650 

6900 

5460 

4680 

3960 

3280 

10 

3150 

976 

0.841 

4300 

4320 

3710 

3410 

3090 

2780 

5320 

4510 

4120 

3690 

3220 

Average. 

3120 

4350 

4690 

3930 

3560 

3190 

2770 

5960 

4920 

4400 

3880 

3320 

Mix  1:3. 

4 

0.66 

3520 

905 

0.821 

4790 

4830 

4100 

3720 

3320 

2850 

6000 

5040 

4560 

4050 

3470 

3370 

965 

0.830 

4600 

4630 

3960 

3540 

3280 

2840 

5680 

4830 

4410 

3950 

3420 

8 

3480 

1420 

0.871 

4490 

4320 

3790 

3590 

3260 

2930 

5390 

4680 

4340 

3930 

3480 

10 

3560 

1370 

0.873 

4620 

4560 

3920 

3640 

3270 

2900 

5360 

4590 

4220 

3790 

3330 

Average 

3480 

4620 

4590 

3940 

3620 

3280 

2880 

5610 

4780 

4380 

3930 

3420 
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Table  13. — Modulus  of  Elasticity  of  Concrete. 

(Size  and  Grading  of  Aggregate,  Mix  and  Consistency;  Series  104.) 

Compression  tests  of  6  by  12-inch  ooncrete  cylinders. 

Hand-mixed  concrete. 

Mix  by  volume. 

Stored  in  damp  sand;  tested  damp. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Age  at  teBt  28  days. 

*—  K  and  n  are  factors  in  Eq.  1,  page  9. 


Mixing 

Water.  ' 

Com- 

Value 

Aggregate. 

pres- 

of  K 

Rela- 

sive 

in 

Value 

tive 

Water 

Str’gth 

1000 

of  n. 

— 

Con- 

Ratio. 

lb.  per 

lb.  per 

sist- 

sq.  in. 

sq.  in. 

Size. 

F.  M. 

ency. 

Modulus  of  Elasticity,  1000  lb.  per  sq.  in. 


In¬ 

itial 

Tan¬ 

gent. 


For  Different  Percentages  of  Load. 


Tangent  Modulus. 

Secan 

t  Modulus 

|  10  |  15  |  25  |  50 

5  |  10 

15 

25 

50 


Mix  1:5. 


0-28 

1.20 

1.00 

1.42 

370 

675 

0.951 

1130 

1130 

1070 

1060 

1030 

1000 

1190 

1120 

1120 

1080 

1050 

0-14 

2.25 

1.00 

1.29 

550 

464 

0.884 

1420 

1350 

1310 

1250 

1200 

1120 

1510 

1460 

1390 

1320 

1230 

0-8 

2.65 

1.00 

1.24 

740 

620 

0.894 

1820 

1870 

1660 

1560 

1460 

1370 

2160 

1910 

1790 

1670 

1560 

0-4 

3.00 

1.00 

1.20 

960 

585 

0.857 

2320 

2500 

2130 

1980 

1780 

1620 

3000 

2540 

2360 

2090 

1920 

0~H 

4.00 

1.00 

1.08 

1370 

843 

0.874 

2920 

2990 

2670 

2490 

2340 

2110 

3440 

3070 

2860 

2680 

2410 

0-H 

5.00 

1.00 

0.96 

2230 

1230 

0.875 

4480 

4140 

3670 

3420 

3170 

2940 

4810 

4250 

3950 

3650 

3380 

o-iy2 

5.75 

1.00 

0.88 

2600 

1590 

0.897 

4400 

4230 

3900 

3750 

3560 

3320 

4720 

4310 

4160 

3940 

3670 

Average . . . 

1260 

2640 

2600 

2340 

2220 

2080 

1930 

2980 

2670 

2520 

2350 

2170 

Mix  1:3. 


0-28 

1.20 

1.00 

0.99 

1020 

810 

0.889 

2500 

2510 

2230 

2170 

1980 

1810 

2870 

2540 

2470 

2260 

2060 

0-14 

2.25 

1.00 

0.92 

1620 

1118 

0.895 

3080 

3070 

2870 

2740 

2590 

2430 

3400 

3180 

3030 

2860 

2690 

0-8 

2.65 

1.00 

0.89 

1810 

1058 

0.887 

3270 

3060 

2600 

2610 

2510 

2250 

3480 

2950 

2960 

2840 

2550 

0-4 

3.00 

1.00 

0.87 

2330 

941 

0.857 

4000 

3650 

3220 

3040 

2810 

2480 

4280 

3760 

3550 

3270 

2880 

0-Vs 

4.00 

1.00 

0.80 

3460 

1608 

0.902 

4680 

3930 

3640 

3520 

3310 

3120 

4350 

4030 

3890 

3660 

3460 

o-% 

5.00 

1.00 

0.72 

4020 

1557 

0  901 

4440 

3780 

3510 

3410 

3230 

2930 

4200 

3900 

3790 

3590 

3250 

0-1)4 

5.75 

1.00 

0.67 

4140 

1502 

0.893 

4480 

3900 

3560 

3440 

3210 

2900 

4390 

4000 

3860 

3590 

3240 

Average . . . 

2630 

3780 

3410 

3090 

2990 

2810 

2560 

3850 

3480 

3360 

3150 

2880 

Mix  1:5. 


o-i  y2 

4.00 

1  00 

1.08 

1510 

1143 

0.890 

3480 

3380 

3150 

2960 

2770 

2570 

3860 

3580 

3360 

3130 

2890 

0-1  j/2 

5.00 

1.00 

0.96 

2250 

1242 

0.867 

4580 

4610 

4070 

3890 

3550 

3240 

5340 

4720 

4500 

4110 

3750 

o-m 

5.50 

1.00 

0.90 

2650 

1742 

0.921 

3900 

3710 

3460 

3320 

3230 

3040 

4050 

3770 

3610 

3510 

3290 

0-1 M 

5.75 

1.00 

0.88 

2830 

1428 

0.882 

4580 

4550 

4000 

3810 

3460 

3160 

5200 

4570 

4350 

3920 

3600 

o-iy2 

6.00 

1.00 

0.84 

2730 

1390 

0.875 

5080 

4690 

4140 

3940 

3640 

3290 

5420 

4760 

4520 

4160 

3750 

o-iy2 

6.25 

1.00 

0.82 

2300 

1200 

0.879 

3940 

3890 

3480 

3240 

3090 

2820 

4520 

3990 

3700 

3510 

3180 

o-iy2 

6.50 

1.00 

0.78 

1680 

1445 

0.901 

3300 

3720 

3550 

3400 

3220 

2930 

4140 

3950 

3780 

3580 

3250 

Average . . . 

2280 

4120 

4080 

3690 

3510 

3280 

3010 

4650 

4190 

3970 

3700 

3390 

Mix  1:7. 


| 

0.90 

0.97 

2070 

1153 

0.862 

4800 

4790 

4070 

3720 

3420 

3040 

5650 

4790 

4370 

4000 

3530 

1.00 

1.08 

1690 

674 

0.802 

5180 

5220 

4420 

3810 

3360 

2860 

6850 

5720 

4870 

4250 

3580 

o-iy2 

5.75 

1.10 

1.19 

1400 

90^ 

0.846 

4180 

4830 

4100 

3660 

3260 

2840 

6120 

5160 

4570 

4030 

3480 

1.25 

1.35 

940 

603 

0.831 

3460 

3840 

3300 

2990 

2610 

2210 

4930 

4210 

3780 

3270 

2730 

1.50 

1.62 

770 

453 

0.814 

3130 

3820 

2860 

2550 

2240 

1910 

5370 

3790 

3290 

2810 

2320 

Average. . 

1370 

4150 

4500 

3750 

3350 

2980 

2570 

5780 

4730 

4180 

3670 

3130 

Mix  1:5. 


0.90 

0.79 

3260 

1089 

0.853 

5060 

4370 

3660 

3550 

3280 

2960 

5220 

4330 

4170 

3820 

3430 

1.00 

0.88 

2770 

1442 

0.888 

4440 

4270 

3900 

3670 

3490 

3160 

4820 

4390 

4130 

3930 

3560 

o-iy2 

5.75 

1.10 

0.96 

2090 

1104 

0.849 

4820 

4830 

4460 

4020 

3640 

3230 

5820 

5350 

4820 

4310 

3830 

1.25 

1.09 

1450 

578 

0.794 

4520 

4780 

4050 

3610 

3170 

2630 

6100 

5150 

4570 

4000 

3300 

1.50 

1.31 

990 

731 

0.870 

3450 

2980 

2560 

2350 

2150 

1910 

3650 

3080 

2820 

2550 

2230 

Average. . 

2110 

4460 

4250 

3730 

3440 

3150 

2780 

5120 

4460 

4100 

3720 

3270 

(Continued  on  page  65) 
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Table  13 — Continued. 


Aggregate. 

Mixing 

Water. 

Com¬ 
pres¬ 
sive 
Str’gth 
lb.  per 
sq.  in. 

Value 
of  K 
in 

1000 
lb.  per 
sq. in. 

Value 
of  n. 

Modulus  of  Elasticity,  1000  lb.  per  sq.  in. 

In¬ 

itial 

Tan¬ 

gent. 

For  Different  Percentages  of  Load. 

Rela¬ 

tive 

Con¬ 

sist¬ 

ency. 

Water 

Ratio. 

Tangent  Modulus. 

Secant  Modulus. 

Size. 

F.  M. 

5 

10 

15 

25 

50 

5 

10 

15 

25 

50 

Mix 

1:4. 

, 

0.90 

0.70 

4180 

1652 

0.922 

3360 

3240 

3060 

3000 

2860 

2780 

3510 

3310 

3240 

3090 

3000 

1.00 

0.77 

3340 

1396 

0.866 

5360 

4960 

4470 

4200 

3810 

3460 

5750 

5170 

4860 

4410 

4000 

0-1  Vi 

5.75 

1.10 

0.85 

2760 

1932 

0.912 

4600 

4430 

4100 

4000 

3770 

3530 

4870 

4490 

4380 

4120 

3850 

1.25 

0.96 

1640 

984 

0.852 

4280 

4270 

3860 

3520 

3260 

2930 

5050 

4550 

4150 

3840 

3450 

l 

1.50 

1.16 

1130 

1072 

0.894 

3700 

3180 

2890 

2750 

2570 

2350 

3630 

3270 

3090 

2870 

2610 

Average . . 

2610 

4260 

4020 

3680 

3490 

3250 

3010 

4560 

4160 

3940 

3670 

3380 

Mix  1:3. 


f 

0.90 

0.60 

4690 

2820 

0.924 

5220 

4600 

4340 

4130 

3930 

3660 

5030 

4740 

4510 

4280 

3980 

1.00 

0.67 

3950 

1976 

0.907 

5320 

4400 

4250 

4110 

3910 

3580 

4860 

4690 

4530 

4300 

3920 

0-1^ 

5.75 

1.10 

0.74 

3570 

2104' 

0.926 

5060 

4730 

4430 

4370 

4190 

3900 

5090 

4750 

4680 

4510 

4200 

1.25 

0.84 

2520 

1652 

0.898 

4600 

4400 

4040 

3850 

3690 

3460 

4910 

4490 

4280 

4090 

3840 

1.50 

1.00 

1570 

800 

0.847 

4050 

3600 

3200 

3000 

2720 

2320 

4320 

3810 

3560 

3200 

2720 

Average . . 

3260 

4850 

4350 

4050 

3890 

3690 

3380 

4840 

4500 

4310 

4080 

3730 

Mix  1:2. 


, 

0.90 

0.51 

4780 

1355 

0.869 

4800 

4360 

3900 

3600 

3380 

3000 

5130 

4560 

4210 

3950 

3480 

1.00 

0.57 

4500 

1887 

0.907 

4780 

4400 

4060 

3840 

3720 

3380 

4920 

4520 

4270 

4120 

3740 

0-1  Jd! 

5.75 

1.10 

0.62 

4070 

1718 

0.884 

5320 

4960 

4440 

4070 

3940 

3520 

5730 

5110 

4660 

4500 

4010 

1.25 

0.71 

2790 

1112 

0.851 

4760 

4860 

4210 

3890 

3600 

3170 

5780 

4980 

4590 

4240 

3720 

1 

1.50 

0.85 

1840 

1690 

0.919 

4020 

3860 

3610 

3460 

3280 

3100 

4320 

4000 

3810 

3580 

3370 

Average . . . 

3600 

4740 

4490 

4040 

3770 

3580 

3230 

5180 

4630 

4310 

4080 

3660 

Mix  1:1. 


0.90 

0.42 

5850 

1342 

0.888 

4940 

4220 

3860 

3670 

3460 

3050 

4760 

4350 

4110 

3890 

3430 

1.00 

0.46 

5150 

1725 

0.903 

4680 

4110 

3840 

3660 

3470 

3250 

4570 

4270 

4080 

3860 

3620 

0-1^ 

5.75 

1.10 

0.51 

5070 

1164 

0.876 

3960 

3420 

3110 

2990 

2760 

2360 

3910 

3560 

3420 

3150 

2700 

1.25 

0.58 

3830 

1982 

0.916 

4660 

4290 

4080 

3950 

3800 

3600 

4660 

4430 

4280 

4120 

3890 

1.50 

0.70 

3440 

1990 

0.934 

3930 

3630 

3460 

3440 

3330 

3180 

3890 

3700 

3670 

3550 

3370 

Average . . . 

4670 

4430 

3930 

3670 

3540 

3360 

3090 

4360 

4060 

3910 

3710 

3400 

Mix  1:1/3 


f 

0.90 

0.35 

6380 

1267 

0.873 

4620 

3770 

3420 

3230 

2990 

2680 

4340 

3940 

3710 

3420 

3060 

1  .00 

0  39 

6680 

1274 

0.876 

4580 

3560 

3260 

3100 

2810 

2520 

4110 

3740 

3540 

3210 

2860 

O-VA 

5.75 

1.10 

0.43 

5720 

1726 

0.905 

4500 

3870 

3680 

3630 

3330 

3100 

4290 

4080 

3910 

3670 

3420 

1.25 

0.49 

5380 

1377 

0.908 

3300 

2960 

2780 

2660 

2550 

2350 

3280 

3070 

2940 

2810 

2580 

1.50 

0.59 

4120 

1094 

0.859 

4380 

3830 

3380 

3170 

2980 

2620 

4620 

4040 

3760 

3510 

3060 

Average . . 

5660 

4280 

3600 

3300 

3160 

2930 

2650 

4130 

3770 

3570 

3320 

3000 

Neat  Cement. 


0.90 

0.32 

4140 

1222 

0.905 

3400 

2800 

2640 

2620 

2510 

2370 

3070 

2890 

2870 

2740 

2080 

1.00 

0.36 

7600 

1371 

0.898 

4200 

3110 

2820 

2700 

2500 

2270 

3470 

3140 

3000 

2790 

2530 

1.10 

0.40 

6630 

867 

0.854 

3660 

2860 

2550 

2350 

2150 

1900 

3360 

2990 

2750 

2510 

2210 

1.25 

0.45 

6360 

1106 

0.876 

4340 

3020 

2740 

2600 

2390 

2180 

3510 

3140 

2960 

2700 

2440 

1.50 

0.54 

4930 

832 

0.873 

3120 

2420 

2220 

2100 

1950 

1780 

2760 

2510 

2360 

2170 

1960 

Average . . . 

5930 

3740 

2840 

2590 

2470 

2300 

2100 

3230 

2930 

2790 

2580 

2340 

on  page  67.) 
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Table  16 — Modulus  of  Elasticity  of  Concrete. 


Values  taken  from  the  curves  in  Fig.  23  to  32  inclusive. 

The  average  values  for  “Initial  Tangent”  Modulus  are  represented  by  the  equation: 

Ei= 40  000,S°-eo 

For  Tangent  Modulus  at  25  per  cent  Load: 

Et 25=84  300  S°-« 

In  the  above  equation  S  is  the  Compressive  Strength. 


Data 

from 

Series. 

For 

Details  of 
Tests,  see 
Table. 

Modulus  of  Elasticity,  1000  lb.  per  sq.  in.  for  Ultimate  Strength  (lb.  per  sq.  in.). 

500 

1000 

1500 

2000 

3000 

4000 

5000 

Initial  Tangent  Modulus  (Erf. 


83 

4 

1600 

2450 

3150 

3750 

4800 

5700 

6600 

89 

5 

2000 

2800 

3450 

3950 

4800 

5550 

93“ 

7 

1400 

2300 

3000 

3800 

5200 

6500 

93 

8 

1400 

2300 

3100 

3800 

5100 

6300 

7400 

104 

13 

2060 

2840 

3420 

3890 

4640 

5300 

6000 

114 

14 

1700 

2500 

3150 

3700 

4800 

5800 

6870 

Average. . . 

1690 

2530 

3210 

3820 

4890 

5860 

7000 

Tangent  Modulus  at  25  per  cent  Load  (Erf. 


99 

12 

2500 

2750 

3200 

3500 

104 

13 

1550 

2i30 

2560 

2920 

3480 

3970 

114 

14 

1500 

2280 

2800 

3200 

3830 

4330 

4770 

Average. . . 

1520 

2200 

2620 

2920 

3630 

4350 

4770 

a  Machine  mixed. 


Table  17 — Average  Values  of  Modulus  of  Elasticity. 

From  Nomographic  Chart  Fig.  37. 

K  and  n  are  factors  in  Eq.  1. 


Compressive 
Strength, 
lb.  per  sq.  in. 

Value 
of  K 
in  1000 
lb.  per 
sq. in. 

Value 
of  n. 

Modulus  of  Elasticity,  1000  lb.  per  sq.  in. 

Initial 

Tangent. 

For  Different  Per 

Tangent  Modulus. 

centages  of  Load. 

Secant  Modulus. 

5 

10 

15 

25 

50 

5 

10 

15 

25 

50 

500 

665 

0.90 

2100 

1950 

1720 

1640 

1550 

1450 

2170 

1910 

1820 

1720 

1610 

1000 

955 

0.90 

2900 

2700 

2380 

2260 

2140 

2000 

3000 

2650 

2510 

2380 

2220 

1500 

1200 

0.90 

3400 

3160 

2790 

2650 

2510 

2350 

3510 

3160 

2940 

2790 

2610 

2000 

1335 

0.90 

3900 

3630 

3200 

3040 

2890 

2690 

4040 

3560 

3380 

3210 

2990 

3000 

1674 

0.90 

4700 

4370 

3850 

3670 

3480 

3240 

4860 

4280 

4080 

3870 

3600 

4000 

1910 

0.90 

5300 

4920 

4350 

4130 

3920 

3660 

5470 

4840 

4600 

4360 

4070 

5000 

2186 

0.90 

5900 

5500 

4840 

4600 

4370 

4070 

6110 

5380 

5110 

4860 

4520 

70 
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Table  18. — Comparison  of  “Exponential”  and  “Straight-Line” 

Analysis. 

For  “Exponential”  theory,  steel  stress  assumed  as  16  000  lb.  per  sq.  in.  in  all  cases. 


“Exponential”  Theory. 

“Straight-Line” 

Theory. 

Com¬ 

pressive 

Strength 

of 

Fiber  Stress 
in  Concrete. 

Value  of 

Resisting 

Moment, 

M 

bd. 2 

Value  of 

Stress, 

lb.  per  sq.  in. 

Concrete, 
lb.  per 
sq. in. 

Per  cent 
of 

Ultimate 

Strength. 

lb.  per 
sq.in. 

(n)° 

(p) 

(k) 

(i) 

(n)& 

(k) 

(i) 

Steel. 

Con¬ 

crete. 

500 

10 

50 

15.7 

.00007 

.047 

.985 

1.2 

60 

.092 

.970 

16  200 

25 

“ 

25 

125 

17.4 

00049 

.120 

.959 

7.5 

“ 

.215 

.928 

16  500 

76 

50 

250 

18  6 

.00189 

.227 

.922 

27.6 

.373 

.876 

16  800 

170 

1000 

10 

100 

11.3 

.00022 

.066 

.977 

3.4 

30 

.108 

.964 

16  200 

65 

“ 

25 

250 

12.6 

.00135 

.164 

.943 

20.4 

.247 

.918 

16  400 

180 

“ 

50 

500 

13.5 

.00487 

.297 

.898 

70.5 

.414 

.862 

16  700 

392 

1500 

10 

150 

9.5 

.00041 

.082 

.972 

6.3 

20 

.120 

.960 

16  200 

110 

“ 

25 

375 

10.8 

.00246 

.200 

.931 

36.7 

.269 

.910 

16  350 

301 

50 

750 

11.5 

.00865 

.350 

.879 

121.5 

“ 

.440 

.853 

16  500 

648 

2000 

10 

200 

8.4 

.00062 

.095 

.967 

9.7 

15 

.128 

.957 

16150 

158 

25 

500 

9.4 

.00374 

.227 

.921 

55.4 

“ 

.283 

.906 

16250 

430 

50 

1000 

10.0 

01266 

.385 

.867 

175.0 

.455 

.848 

16  400 

908 

2500 

10 

250 

7.6 

.00086 

.105 

.964 

13.4 

12 

.134 

.955 

16100 

208 

“ 

25 

625 

8.5 

.00515 

.250 

.914 

75.2 

“ 

.293 

.902 

16  200 

560 

50 

1250 

9.1 

.01706 

.415 

.857 

234.0 

.467 

.842 

16  300 

1185 

3000 

10 

300 

7.0 

.00115 

.116 

.960 

17.7 

10 

.140 

.953 

16100 

263 

“ 

25 

750 

7.8 

.00662 

.268 

.907 

95.6 

“ 

.304 

.899 

16150 

705 

50 

1500 

8.3 

.02176 

.429 

.852 

294.0 

.477- 

.841 

16  200 

1445 

3500 

10 

350 

6.6 

.00145 

.126 

.956 

22.2 

8.6 

.146 

.951 

16  080 

319 

“ 

25 

875 

7.3 

.00820 

.286 

.901 

118.8 

.311 

.896 

16  090 

851 

50 

1750 

7.8 

.02660 

.461 

.840 

357.0 

.485 

.838 

16  090 

1750 

a  Ratio  of  modulus  of  elasticity  of  steel  to  that  of  concrete.  See  secant  modulus  in  Table  17. 
b  Based  on  Final  Report  of  the  Joint  Committee  on  Concrete  and  Reinforced  Concrete,  Proc.  Am.  Soc- 
Testing  Mat.  Part  1, 1917. 


APPENDIX  A1 


FLEXURE  OF  REINFORCED  CONCRETE  BEAMS 

By  Stanton  Walker. 


Introduction. 

In  the  foregoing  paper  values  are  reported  for  the  modulus  of  elasticity 
of  concrete  made  up  of  different  proportions  of  cement  and  water,  from 
aggregates  of  different  grading,  etc.,  and  for  tests  made  at  different  ages. 
No  attention  was  given  to  the  relation  of  these  values  to  reinforced  concrete 
design. 

It  is  felt  that  it  will  be  of  value  to  point  out  certain  features  in  the  relation 
of  these  studies  to  the  theory  of  flexure  of  reinforced  concrete  beams.  The 
theory  will  be  developed  only  for  the  case  of  the  simple  rectangular  beam 
reinforced  for  tension.  Reference  to  any  good  text  book  on  reinforced 
concrete2  will  suggest  to  the  reader  methods  of  applying  the  theory  to  special 
cases,  such  as  T-beams,  slabs,  columns,  etc. 

At  the  present  time  most  designs  are  based  on  the  assumption  that  the 
stress-deformation  relation  for  concrete  may  be  represented  by  a  straight 
line  below  working  stresses.  This  method  is  known  to  be  an  approximation, 
but  is  widely  used  because  of  its  simplicity. 

Prof.  A.  N.  Talbot3  and  other  writers  have  based  their  analysis  of  stresses 
in  reinforced  concrete  beams  on  the  assumption  that  the  stress-deformation 
relation  for  concrete  may  be  represented  by  a  parabola  having  its  vertex 
at  the  ultimate  strength  of  the  concrete.  This  analysis  is  recognized  as 
being  more  nearly  rational  than  the  “straight-line”  method.  Its  chief 
usefulness  seems  to  be  found  in  estimating  the  ultimate  strength  of  reinforced 
concrete  beams.  The  “parabolic”  method  is  applicable  to  the  design  of 
beams  for  any  working  stress,  but  it  is  little  used  for  this  purpose  due  to  the 
complex  form  of  the  equation  representing  the  stress-deformation  relation, 
and  the  difficulty  of  determining  the  constants  involved. 

Tests  have  shown  that  deformations  in  concrete  are  not  directly  pro¬ 
portional  to  the  applied  stresses,  even  for  small  ranges  in  stress  or  for  low 
loads.  A  number  of  equations  have  been  offered  as  representing  the  relation 
between  deformation  and  stress  in  concrete.  Probably  the  best  known  is 
the  parabola  mentioned  .above;  however,  the  tests  reported  in  the  foregoing 
paper  indicate  that  this  relation  may  be  more  correctly  represented  by  an 
equation  of  the  form, 

1  This  Appendix  did  not  form  a  part  of  the  original  paper  on  “Modulus  of  Elasticity  of  Concrete  ” 

2  See,  for  example  “Principles  of  Reinforced  Concrete  Construction,”  by  Turneaure  and  Maurer. 
Concrete  Engineers  Hand  Book,  by  Hool  and  Johnson.  “Reinforced  Concrete  Construction  ”  Vol.  1 

by  Hool.  1 

3  See  “Tests  of  Reinforced  Concrete  Beams,”  by  A.  N.  Talbot,  Bulletin  4,  Univ.  of  Ill.  Eng.  Exp.  Sta. 
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s  =  Kd11 . (1)  (See  page  9.) 

Where  s  =  unit  compressive  stress  in  concrete. 
d  =  unit  deformation  of  concrete, 

K  =  a  constant  depending  on  the  ultimate 
strength  of  the  concrete, 
n  =  an  exponent,  approximately  constant. 

It  should  be  noted  here  that  our  tests  show  this  equation  to  be  true  for 
loads  up  to  50  to  90  per  cent  of  the  ultimate  strength  of  the  concrete.  It 
should  not  be  used  in  the  flexure  formulas  for  stresses  higher  than  about 
50  per  cent  of  the  ultimate  strength.  This  will  answer  for  all  practical  prob¬ 
lems  of  design. 

The  steps  taken  in  arriving  at  a  rational  analysis  of  the  direct  stresses 
in  a  reinforced  concrete  beam  may  be  summarized  as  follows: 

(1)  Determine  the  average  compressive  stress  in  terms  of  the  stress  at 
the  outermost  fiber. 

(2)  Determine  the  average  tensile  stress;  (/s  if  all  of  the  tensile  stress 
is  assumed  to  be  carried  by  the  steel) . 

(3)  Determine  the  position  of  the  line  of  action  of  the  average  (or  re¬ 
sultant)  compressive  stress. 

(4)  Determine  the  position  of  the  line  of  action  of  the  resultant  tensile 
stress  (horizontal  gravity  axis  of  steel). 

(5)  Determine  the  position  of  the  neutral  plane  of  the  beam — the  plane 
marking  the  boundary  where  compressive  stresses  leave  off  and  tensile  stresses 
begin. 

Assumptions. 

The  development  of  the  design  formulas  given  below  is  based  on  the 
following  assumptions : 

(1)  The  stress-deformation  relation  for  concrete  in  compression  is 
correctly  expressed  by  an  exponential  equation.  (Eq.  1.) 

(2)  Plane  sections  before  bending  remain  plane  after  bending. 

(3)  All  tensile  stresses  are  carried  by  the  steel. 

(4)  The  concrete  and  steel  stretch  together. 

(5)  The  neutral  plane  is  perpendicular  to  the  plane  of  applied  load. 

(6)  No  initial  stress  in  the  concrete. 

Stress-Deformation  Relation  for  Concrete. — The  accuracy  of  any  analysis 
of  reinforced  concrete  beams  depends  largely  upon  the  correctness  with  which 
the  stress-deformation  relation  for  the  concrete  has  been  determined.  In 
view  of  the  results  of  thousands  of  determinations  of  modulus  of  elasticity 
of  concrete  made  at  this  Laboratory,  it  is  felt  that  a  more  nearly  rational 
design  can  be  made  by  the  use  of  the  relations  brought  out  by  these  tests. 
The  theory  which  is  developed  below  has  the  following  distinct  advantages: 

(1)  It  takes  into  account  a  more  nearly  correct  stress-deformation 
relation  than  is  used  in  most  other  analyses. 
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(2)  The  formulas  are  no  more  complex  than  those  used  in  the  “straight- 
line”  analysis. 

Perhaps  it  is  well  to  repeat  at  this  point  that  some  thirty  years  ago  Bach1 
used  an  equation  similar  to  our  Eq.  1  to  represent  the  stress-efosfic-def  ormat  ion 
relation  for  concrete.  Morsch2  applies  Bach’s  equation  to  the  theory  of 
flexure  of  reinforced  concrete  beams,  but  it  is  felt  that  the  formulas  developed 
by  him  are  more  complicated  than  necessary. 

Certain  engineers  have  objected  to  the  acceptance  of  this  equation  to 
represent  the  stress-deformation  relation  for  concrete  because  the 
curve  represented  by  it  becomes  tangent  to  the  stress  axis.  As  stated  in 
the  foregoing  paper,  it  is  impossible  with  available  instruments  to  obtain 
data  for  the  very  low  loads — below  say  about  50  lb.  per  sq.  in.  However, 
it  would  seem  that  the  question  as  to  whether  or  not  this  tangency  really 
occurs  in  the  true  relation  is  of  minor  importance.  Our  tests,  as  well  as 
others,  show  this  law  to  be  true  for  any  range  of  loads  in  which  we  are  likely 
to  be  interested.  We  have  proven  to  our  own  satisfaction  that  the  initial 
curvature  for  low  measurable  stresses  is  not  due  to  instrumental  error,  as 
has  been  suggested  by  certain  of  our  critics. 

If  our  equation  is  in  error  for  stresses  lower  than  those  for  which  we  are 
able  to  measure  deformations  satisfactorily,  the  inaccuracy  introduced  into 
the  flexure  formulas  is  so  small  that  it  is  negligible. 

Conservation  of  Plane  Section. — In  the  development  of  equations  for 
flexure  of  beams,  homogeneous  or  otherwise,  the  assumption  is  made  that 
sections  which  were  plane  before  bending  remain  plane  after  bending.  This 
assumption  is  known  to  be  irreconcilable  with  the  existence  of  shearing  defor¬ 
mations.  However,  it  probably  introduces  little  error.  Its  use  is  made 
particularly  imperative  in  reinforced  concrete  design  due  to  the  lack  of  informa¬ 
tion  on  the  shearing  modulus  of  elasticity. 

Tensile  Stress  Carried  by  Steel. — For  working  loads  in  a  properly  designed 
reinforced  concrete  beam  the  concrete  will  have  ceased  to  exert  an  appreciable 
resistance  to  tension  at  sections  of  any  considerable  bending  moment  some 
time  before  the  steel  is  stressed  to  its  working  load.  Since  for  direct  stresses 
we  are  chiefly  interested  in  the  sections  of  maximum  bending  moment,  this 
assumption  should  introduce  little  error. 

Adhesion  of  Steel  to  Concrete. — The  assumption  that  the  concrete  and 
steel  stretch  together  supposes  a  perfect  bond  between  the  two  materials. 
This  is  undoubtedly  not  the  case,  especially  at  the  section  of  maximum  bend¬ 
ing  moment.  Tests  on  reinforced  concrete  beams  made  at  the  University 
of  Illinois3  showed  a  distinct  difference  in  the  deformation  of  the  steel  and 
the  adjacent  concrete.  At  the  section  of  maximum  bending  moment  the 
steel  deformation  is  less  than  that  of  the  concrete.  At  present  it  is  not 
clear  how  this  relation  can  be  taken  into  account  in  deriving  a  simple  formula 
for  reinforced  concrete  design. 

1  “Elasticitat  und  Festigkeit,”  by  Carl  von  Bach  (4th  Edition,  1902). 

2  “Concrete-Steel  Construction,”  (Der  Eisenbetonbau),  by  Morsch— Translation  by  E  P  Goodrich 

3  See  “Tests  of  Bond  between  Concrete  and  Steel,”  by  Duff  A.  Abrams,  Bulletin  71  Univ  of  Ill  Eng 
Exp.  Sta. 
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Neutral  Plane  Perpendicular  to  Line  of  Applied  Load. — In  design  of 
beams  for  most  purposes  we  are  interested  in  cases  where  the  load  is  applied 
perpendicular  to  the  beam.  Calculations  for  special  loadings  are  not  within 
the  scope  of  this  paper. 

Notation. 

In  so  far  as  consistent,  the  standard  notation  recommended  by  the  Joint 
Committee1  on  Concrete  and  Reinforced  Concrete  will  be  used.  At  the 
time  the  paper  on  "Modulus  of  Elasticity  of  Concrete”  was  written  for 
presentation  to  the  American  Society  for  Testing  Materials  the  standard 
notation  was  not  followed.  However,  no  confusion  should  arise  if  attendant 
duplications  are  pointed  out.  It  will  be  noted  that  in  accordance  with  the 
following  notation,  s  in  Equation  1  is  changed  to  /c,  d  to  ec,  and  n  to  r. 

Standard  Notation2. 

fs  =  tensile  unit  ^stress  in  longitudinal  reinforcement. 

fc  =  compressive  unit  stress  in  extreme  fiber  of  concrete.  (See 
s  in  Eq.  1.) 

Es  =  modulus  of  elasticity  of  steel  in  tension. 

Ec  =  modulus  of  elasticity  of  concrete  in  compression.  In  this 
appendix  used  as  the  secant^  modulus  (Es  in  Eq.  6)  where 
the  exponential  stress-deformation  relation  is  involved. 

Es 

n  =  —  =  ratio  of  modulus  of  elasticity  of  steel  to  that  of  concrete. 

Ec 

M  =  bending  moment  or  moment  of  resistance  in  general. 

As  =  effective  cross-sectional  area  of  metal  reinforcement. 

b  =  width  of  beam. 

d  =  depth  of  beam  to  center  of  longitudinal  metal  reinforcement 
(effective  depth). 

k  =  ratio  of  depth  of  neutral  axis  to  depth  d. 

z  =  depth  from  compression  surface  to  resultant  of  compressive 
stresses. 

j  —  ratio  of  lever  arm  of  resisting  couple  to  depth  d. 

jd  —  d—z  —  arm  of  resisting  couple. 

p  =  ratio  of  effective  area  of  tension  reinforcement  to  effective  area 

A, 

of  concrete  =- 


bd 

Terms  not  given  in  Standard  Notation. 
e3  =  unit  deformation  in  steel. 

ec  —  unit  deformation  in  concrete.  (Same  as  d  in  Eq.  1.) 
r  =  an  exponent.  (Same  as  n  in  Eq.  1.) 

K  —  a  constant. 


1  See  Proc.  Am.  Soc.  Testing  Mat.,  v.  21,  1921. 

2  (Note  to  Revised  Edition.)  In  revising  this  Bulletin,  the  wording  of  the  standard  notation  of  the 
Joint  Committee  has  been  revised  from  that  used  in  1917  to  conform  with  the  Progress  Report  of  the  Joint 
Committee  on  Standard  Specifications  for  Concrete  and  Reinforced  Concrete;  1921. 
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Formulas  for  Flexure  of  Reinforced  Concrete  Beams. 
Following  the  above  notation  Eq.  1  (see  page  9)  becomes 

fc  =  Kerc . 


(18) 


Let  Fig.  38  represent  the  distribution  of  direct  stresses  at  any  cross- 
section  in  a  rectangular  reinforced  concrete  beam  which  is  subjected  to 
bending.  Since  the  deformations  are  assumed  to  be  proportional  to  the 
distance  from  the  neutral  axis,  the  curve  representing  the  compressive  stresses 
has  an  equation  of  the  form  of  Eq.  18.  It  will  be  noted  that  this  curve 
becomes  tangent  to  the  neutral  plane. 


u 

oc 


l<fc=KeI->| 


n 


N 


Neutral  Plana 


Distribution  of  Direct  Stresses  in  Reinforced  Concrete  Beam. 

Fia.  38. 


In  deiiving  formulas  for  the  position  of  the  neutral  plane  it  is  necessary 
to  know  the  average  compressive  stress  in  the  concrete  in  terms  of  the  max¬ 
imum  fiber  stress.  Basing  the  variation  in  stress  on  Eq.  18  it  can  readily 
be  shown  that 


(19) 


therefore  the  total  compressive  stress  equals  the  average  compressive  stress 
multiplied  by  the  stressed  area,  or 


S/c  =  —  kdb 


(20) 


r  +  1 


For  the  sake  of  the  ultimate  simplicity  of  the  formulas  the  slope  of  a 
secant  to  the  fiber  stress  will  be  used  as  the  measure  of  the  modulus  of  elas¬ 
ticity  of  the  concrete.  (Ratio  of  stress  to  deformation  at  the  outermost 
fiber.)  The  use  of  this  quantity  introduces  no  further  approximation. 
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Eq.  20  may  then  be  written, 

2  /c  =  -77  kdb . (21) 

r  +  1 

(See  Eq.  6,  page  13.  Note  that  in  accordance  with  the  changes  in  notation 
mentioned  above  Ec  is  the  same  as  E$  in  Eq.  6  and  ec  the  same  as  d  in  the 
same  equation.) 

Assuming  all  the  tensile  stress  to  be  carried  by  the  steel,  the  total  tension  is 

2  fs  =  Asfs=AsEses . (22) 

Since  for  equilibrium  the  total  tension  equals  the  total  compression 

(2/c  =  2/s) 

AsEses  =  ^-^-  Mb . (23) 

r  +  1 

Assuming  the  conservation  of  plane  sections; 

. (24) 

1 — 7c  k 

By  definition 

Es  As 

—  =  n,  and  — :=P- 
Ec  bd 

Substituting  the  values  for  n  and  p  from  the  above  equations  in  (23) 
and  dividing  by  Eq.  24,  we  obtain 

n  (1-fc)  =  ■  . .....(25) 

(r  +  1)  p 

Solving  this-  quadratic,  the  ratio  of  the  depth  of  the  neutral  axis  to  the 
effective  depth  of  the  beam  may  be  expressed  as 

I  /r  +  1  \2  r  +  1 

k  =  \  (r + i)pn + ( ~^rpn  )  — . 

For  problems  of  design  (where  the  concrete  and  steel  stresses  are  assumed) 
Eq.  26  may  be  written  in  a  simpler  form 

fc  =  — l— . (27) 

1+4 

nfc 

(Note,  let 

Mb  =  Asfs  =  pbdf g, 

r  +  1 

substitute 

(r+1)£(++1) 

for  p,  and  solve  for  k.  See  Eq.  20,  22  and  36.) 
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In  order  to  determine  the  moment  arm  ( jd )  of  the  resisting  couple  it  is 
necessary  to  know  the  position  of  the  line  of  action  of  the  resultant  compres¬ 
sive  stress.  The  distance  of  this  line  below  the  top  of  the  beam  will  be  equal 
to  the  distance  from  the  top  of  the  beam  of  the  centroid  of  the  area  repre¬ 
senting  the  compressive  stresses.  (See  Fig.  38.)  By  application  of  the 
calculus  it  can  easily  be  shown  that  this  distance  equals 

z=—  kd . (28) 

r+2 

Since  d  is  taken  as  the  distance  from  the  top  of  the  beam  to  the  center 
of  the  steel,  the  moment  arm  of  the  resisting  couple  is 


(29) 


Then 


(30) 


The  moment  of  the  resisting  couple  may  be  expressed  either  as  the  product 
of  the  summation  of  the  tensile  stresses  and  the  moment  arm,  or  as  the  product 
of  the  summation  of  the  compressive  stresses  and  the  moment  arm. 

Therefore, 


(31) 


M  =fsAsjd . . . 
=—kdbjd 


(32) 


r+1 


Substituting  pbd  for  As  in  Eq.  31  and  solving  for  fS)  we  obtain 


Substituting  the  value  of  M  found  in  Eq.  31  and  33  in  32  and  solving 
for  fc  we  obtain 


Solving  for  fc  in  Eq.  27,  the  following  expression  may  be  obtained  for  the 
concrete  fiber  stress, 


From  preceding  equations  it  can  be  shown  that  the  steel  ratio  (p)  for 
balanced  reinforcing  equals 


fck 


1 


(36) 


It  was  stated  above  that  the  equations  resulting  from  the  application  of 
the  stress-deformation  relation  for  concrete  expressed  by  Eq.  1  (same  as 
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Eq.  18)  are  no  more  complicated  than  those  used  in  the  “straight-line” 
analysis.  An  examination  of  Eq.  18  shows  that  it  represents  a  straight  line 
when  r  equals  1.  If  1  is  substituted  for  r  in  any  of  the  above  equations 
the  formulas  used  in  the  "straight-line”  analysis  will  be  obtained.  It  will, 
therefore,  be  seen  that  so  far  as  the  forms  of  the  equations  are  concerned  the 

r+1 

only  difference  is  that  in  many  cases  the  quantity - is  used  where  1  occurs 


in  the  “straight-line”  formula,  etc.  Most  of  the  dependent  equations  are 
unchanged.  An  examination  of  the  data  contained  in  the  paper  on  Modulus 
of  Elasticity  shows  that  r  (same  as  n  in  the  text)  is  approximately  constant 
for  all  concrete.  The  designer  may,  therefore,  write  into  his  equations  what 
he  considers  an  average  value  of  r  (about  0.9  may  be  considered  average) 
and  obtain  formulas  equal  in  simplicity  to  the  usual  straight-line  equations. 


Discussion  of  Formulas. 

A  comparison  of  the  results  obtained  from  the  “exponential”  formulas, 
and  from  the  “straight-line”  formulas  should  be  of  interest.  For  convenience 
formulas  for  both  of  these  methods  are  summarized  below: 


Design  Formulas  for  Reinforced  Concrete. 


Variable. 

“Exponential”  Theory. 

“Straight-Line”  Theory. 

Formula. 

Equation 

No. 

Formula. 

Equation 

No. 

k 

V(r+l)pn+(^y-1pn)  -(— -')pra. . 

(26) 

(37) 

k 

1 

(27) 

1 

(38) 

K$) . 

1+© 

j 

l-f-'-A  k . 

‘(30)  - 

1— l/3fc . 

(39) 

V 

\r+2/ 

1 

(36) 

1 

(40) 

,'+,,/;(4+1) 

2j(  ~r+l) 

4\n4  ' 

P 

fck 

(36) 

fck 

(41) 

. ; . 

24 . 

fa 

M 

(33) 

M 

(42) 

pjbd 2 

pjbd 2 

h 

(r+l)p/s 

(34) 

2  Pfs 

(43) 

k 

k 

fc 

Vs 

(35) 

Vs 

(44) 

n(  1 — k ) 

n(l — k)  . 

The  values  of  modulus  of  elasticity  used  in  the  “straight-line”  formulas 
are  little  more  than  emperical  coefficients,  which  have  been  found  to  give  safe 
results.  Reference  to  the  table  at  the  top  of  page  42  will  show  that  the 
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values  of  modulus  of  elasticity  recommended  by  the  Joint  Committee  are 
lower  than  those  obtained  from  our  tests.  They  are  also  lower  than  the 
values  suggested  by  Schiile.  Taylor  and  Thompson,  Falk  and  other  writers. 

Since  our  formulas  are  based  on  the  stress-deformation  relation  obtained 
from  actual  tests  it  would  seem  proper  in  comparing  the  “exponential” 
and  “straight-line”  formulas  to  use  the  moduli  of  elasticity  obtained  from 
our  tests  in  the  former  and  those  recommended  by  the  Joint  Committee  in 
the  latter. 

In  Table  18  the  resisting  moment  (in  terms  of  the  dimensions  of  the 
beam),  the  percentage  of  steel,  etc.,  are  calculated  for  given  concrete  and 
steel  stresses  using  the  “exponential”  formulas.  The  stresses  in  the  concrete 
and  steel  are  then  determined  by  the  “straight-line”  formulas  for  the  same 
resisting  moments  and  the  same  percentages  of  steel. 

Consider,  for  example,  the  concrete  having  an  ultimate  strength  of  2500 
lb.  per  sq.  in.  at  28  days.  Determine  the  percentage  of  steel  and  the  resisting 
moment  for  the  concrete  stressed  to  one-quarter  of  its  ultimate  load  (625  lb. 
per  sq.  in.)  and  the  steel  stressed  to  16  000  lb.  per  sq.  in.  From  Table  17 
the  value  of  n  for  2500-lb.  concrete  stressed  to  Lt  load  is  found  to  be  8.5 
if  the  modulus  of  elasticity  of  the  steel  is  taken  as  30  000  000  lb.  per  sq.  in. 
For  all  of  these  tests  the  average  r  was  0.9.  Then  the  percentage  of  steel 
required  by  the  above  stresses  may  be  calculated  directly  from  the  second 
member  of  Eq.  36;  or  k  may  first  be  calculated  from  Eq.  27  and  p  calculated 
from  the  last  member  of  Eq.  36.  From  the  above  p==. 00515  and  k  =  .250. 
Then  from  Eq.  30,  j  =  . 914.  Since  we  are  not  interested  in  the  dimensions 
of  the  beam,  the  resisting  moment  will  be  calculated  in  terms  of  bd2.  Then 
from  Eq.  33 

M  =  75.2  bd2  (in.  lb.  when  the  dimensions  of  the  beam  are  in  inches.) 

Now  let  us  calculate  the  stresses  in  the  concrete  and  steel  for  the  same 
beam  with  the  same  load  by  means  of  the  “straight-line”  formulas.  The 
bending  moment,  the  percentage  of  steel  and  the  ultimate  strength  of  the 
concrete  will,  of  course,  remain  unchanged.  For  concrete  of  this  strength 
the  Joint  Committee  recommend  n  =  12.  The  value  of  k  and  j  may  be 
calculated  from  Eq.  37  and  39.  They  are  k  =  .293  and  j  =  .902,  respectively. 
Then  from  Eq.  42  and  43  the  steel  and  concrete  stresses  are  found  to  be 
16  200  and  560  lb.  per  sq.  in.,  respectively.  It  is  seen  that  if  the  values 
of  n  from  our  tests  are  used  for  the  “exponential”  formulas  and  the  Joint 
Committee  values  are  used  for  the  “straight-line”  formulas,  for  a  given 
factor  of  safety  in  the  concrete,  a  somewhat  safer  design  is  given  by  the 
former  than  by  the  latter,  since  the  steel  stresses  are  only  about  1  per  cent 
higher  for  the  second  method  and  the  concrete  stresses  are  10  per  cent  lower. 
It  will  be  noted  from  the  table  that  the  percentage  difference  becomes  less 
as  loads  nearer  the  ultimate  strength  are  assumed  and  as  stronger  concrete 
is  used. 

Let  us  now  find  the  concrete  stresses  by  the  “straight-line”  method 
using  the  same  value  of  n  as  that  used  in  the  “exponential”  formulas,  n  was 
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found  to  be  8.5;  then  for  p  =  . 00515,  A;  =  .254  and  j  =  . 915.  From  Eq.  42 
the  steel  stress  is  found  to  be  16  000  lb.  per  sq.  in.  and  the  concrete  stress 
660  lb.  per  sq.  in.  Or  within  slide  rule  accuracy  the  steel  stress  is  unchanged 
and  the  concrete  stress  is  5  per  cent  higher  than  that  given  by  the  “exponen¬ 
tial”  equation.  In  other  words,  using  the  same  value  of  n  in  each  case  for 
ordinary  concrete,  the  “straight-line”  formulas  give  a  slightly  more  con¬ 
servative  design. 


APPENDIX  B. 

BIBLIOGRAPHY  ON  MODULUS  OF  ELASTICITY  OF  CONCRETE. 


Calculs  (ne  tenant  pas  compete  de  la  difference  des  coefficient  d’elasticite  du  ciment 
et  du  fer  et  negligeant  les  tensions  du  ciment),  by  M.  Koenen; 

Centralblatt  der  Bauverwaltung,  p.  462,  1886. 

Procedes  d’Essai  de  la  Resistance  des  Pierres,  Ciments  et  Autres  Materiaux  de 
.  Construction,  by  L.  Durand-Claye ; 

Ann.  Ponts  et  Chauss.,  v.  16,  p.  196,  1888. 

Moduli  of  elasticity  in  compression  and  flexure  tabulated  for  granite,  marble, 
and  Portland  cement  mortars. 

Elastic  Properties  of  Cements  and  Mortars,  by  E.  Hartig; 

Der  Civilingenieur,  p.  345,  1893. 

Abs.  Proc.  Inst.  Civil  Eng.,  v.  115,  p.  409,  1893. 

Discussion  on  Impounding  Reservoirs,  by  B.  Baker; 

Proc.  Inst.  Civil  Eng.,  v.  115,  p.  106,  1893. 

Wide  variation  in  modulus  of  elasticity  found  for  same  stone  (tests  made  on 
limestone  and  granite)  and  for  concrete  made  with  different  sands. 

Formula  for  Variation  with  Age  of  Modulus  of  Elasticity,  by  E.  Hartig; 

Proc.  Inst.  Civil  Eng.,  v.  120,  p.  375,  1894. 

Sur  le  Calcul  des  Plaques  Elastiques  Minces  et  le  Role  des  Tirants  dan  les  Poutres 
en  Ciment  Armees,  by  F.  Chaudy; 

Bull,  de  la  Societe  des  Ingenieurs  Civils,  v.  2,  p.  545,  1894. 

Comparison  of  elastic  properties  of  reinforced  concrete  girders  and  elastic 
plates. 

Concrete  and  Steel  in  Combination,  by  J.  B.  Johnson; 

Eng.  News,  Jan.  3,  1895. 

Discusses  strength  of  reinforced  concrete  after  steel  has  passed  its  elastic 
limit. 

Experiments  on  Elasticity  of  Concrete,  by  C.  Bach; 

Zeits.  d.  Ver.  Deutscher  Ing.,  p.  489,  1895. 

Abs.  Proc.  Inst.  Civil  Eng.,  v.  122,  1895. 

Abs.  Jl.  West.  Soc.  Eng.,  v.  1,  p.  84,  1896. 

Tests  on  36  cylinders  9.84  in.  diam.  by  39.37  in.  long  for  1-2^2 -5  and  1-3-6  con¬ 
crete  mixtures,  and  1-7JZ  and  1-9  mortar  mixtures;  gravel  and  limestone 
“shingle”  used  as  coarse  aggregates  in  concrete,  and  “sandy  gravel”  in  the 
mortars.  Gives  percentage  of  contraction  under  varying  loads  including 
both  temporary  and  permanent  set. 

Relation  of  Elasticity  and  Resistance  of  Pillars  of  Variable  Moduli  of  Elasticity; 
Zeits.  d.  Oesterr.  Ing.  u.  Arch.  Ver.,  Dec.  25,  1896. 

Mathematical  discussion  of  elasticity  of  reinforced  concrete  of  types  similar 
to  the  Melan  system  and  others. 

tlber  die  Elasticities  und  Festigkeits — Verhaltnisse  von  Staben  mit  Veranderlichem 
Elasticitatsmodul,  by  F.  Engesser; 

Zeits.  d.  Osterr.  Ing.  und  Arch.  Ver.,  p.  678,  Dec.  25,  1896. 

Versuch  tlber  die  Elastizitat  und  Druckfestigkeit  von  Korpern  aus  Zement,  Zement- 
mortel  und  Beton,  by  C.  Bach; 

Zeits.  d.  Ver.  Deutscher  Ing.,  v.  40,  p.  1381,  1896. 

Bending  Elasticity  of  Bodies  of  Unequal  Resistance,  by  R.  Latowsky; 

Zeits.  d.  Ver.  Deutscher  Ing..,  Aug.  14,  1897. 

Discusses  shifting  of  neutral  axis  in  bodies  of  different  resistance  to  exten¬ 
sion  and  compression. 

Concrete  Tests,  by  G.  W.  Rafter; 

Report  of  State  Engineer  of  New  York,  1897. 

Abs.  Concrete  and  Reinforced  Concrete  Construction  by  FI.  A.  Reid,  p.  194. 

Tested  over  500  12-in.  cubes,  using  different  brands  of  cement,  consistencies, 
and  mixes.  Moduli  of  elasticity  recorded. 

Computations  of  Monier  Beams,  by  Rappaport; 

Schweizer  Bauzeit;  Feb.  27,  1897. 

Discussion  of  reinforced  concrete  construction  showing  importance  of  care¬ 
ful  consideration  of  moduli  of  elasticity  of  materials. 

Experiments  on  Strength  and  Elasticity,  by  M.  de  Joly; 

Ann.  Ponts  et  Chauss,  No.  38,  p.  198,  1898. 

Rev.  du  Genie  Militaire  (Paris),  v.  1,  p.  230,  March,  1899. 

Mitteilungen  tlber  Eine  Belastungsprobe  Mitt.  Einer  Beton-Eisen  Construction,  by 
B.  Brausewetter; 

Zeits.  d.  Oesterr.  Ing.  u.  Arch.  Ver.,  p.  356,  1898. 
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Properties  of  Concrete  Under  Compressive  Stress,  by  D.  Moliter- 
Jl.  Assn.  Eng.  Soc.,  v.  20,  p.  349,  May,  1898. 

Discussion  and  graphs  showing  relation  of  modulus  of  elasticity  to  applied 
load  and  ultimate  strength. 

Review  of  Concrete  Metal  Construction,  by  C.  M.  Kurtz: 

Jl.  Assn.  Eng.  Soc.,  v.  20,  p.  349,  May,  1898. 

Discussion  of  results  obtained  for  modulus  of  elasticity  of  iron  and  steel  by 
Thatcher  and  by  Austrian  Society  of  Engineers  and  Architects. 

Study  of  Bach’s  Law  of  Strain  and  Stress,  by  L.  Geusen; 

Zeits.  d.  Ver.  Deutscher  Ing.,  April  23,  1898. 

Mathematical  discussion  of  law  of  Bach  expressing  relation  between  exten¬ 
sion  and  stress  with  practical  applications. 

Zur  Berechnung  der  Betonbalken,  by  W.  Carling; 

Zeits.  d.  Oesterr.  Ing.  u.  Arch.,  p.  223,  249  and  357,  1898. 

Theory  and  Recent  Applications  of  Reinforced  Concrete,  by  H.  de  la  Noe- 
Ann.  Ponts  et  Chauss.,  v.  1,  1899. 

General  discussion  of  application  of  elastic  theory  to  reinforced  concrete 
structures. 

Elasticity  of  Portland  Cement,  by  W.  L.  Brown; 

Proc.  Inst.  Civil  Eng.,  v.  137,  p.  402,  1899. 

Modulus  of  elasticity  of  cement  and  cement  mortars;  tests  made  at  different 
ages  on  mortars  of  different  proportions  and  using  different  sands. 

Etude  Graphique  de  la  Flexion  de  Prismes  Imparfaitement  Llastiques,  by  R.  Feret; 
Congres  de  l’Assn.  Francais  pour  l’Advancement  des  Sciences,  v.  2,  p.  128,  1899. 
Les  Mat.  des  Const.,  v.  5,  p.  257,  1900. 

Influence  of  Metal  Reinforcement  on  Properties  of  Mortar  and  Concrete,  by  A.  Con- 
sidere; 

Genie  Civil,  v.  34,  p.  213,  229,  244  and  260,  1899. 

Le  Ciment,  p.  40,  57,  74,  93,  143,  157,  171,  183,  1899. 

Le  Beton  Arme,  Feb.,  Mar.,  Apr.,  1899. 

Schweizerische  Bauzeitung,  v.  35,  p.  235  and  245,  June  29,  1900. 

Modulus  of  elasticity  of  prisms  found  to  be  equal  for  tension  and  compression. 
Modulus  of  Elasticity  of  Concrete; 

Tests  of  Metals,  p.  741;  1899,  also  1902,  1903,  1904,  and  1907. 

Bending  Stresses  in  Flat  Rectangular  Concrete  Floors,  by  W.  Dunn; 

Jl.  Roy.  Inst.  British  Arch.,  May  26,  1900. 

Discussion  by  F.  Caws,  same  journal,  June,  1900. 

Gives  formulas  and  diagrams  for  finding  approximate  maximum  stresses  in 
uniformly  loaded  flat  rectangular  plates. 

Deformation  et  Tensions  Remanentes,  Pendant  le  Dechargement  d’un  Prisme  Im¬ 
parfaitement  Elastique,  by  R.  Feret; 

Congres  de  l’Assn.  Francais  pour  l’Advancement  des  Sciences,  v  2,  p  214  1900 
and  v.  1,  p.  95,  1901. 

Tests  of  Concrete  for  Elastic  Properties  and  Ultimate  Strength,  by  W.  H.  Henbv 
Jl.  Assn.  Eng.  Soc.,  v.  25,  p.  145,  Sept.,  1900. 

Gives  values  of  modulus  of  elasticity  of  concrete  in  tension  and  compression, 
using  1-2-4,  1-2-5,  1-3-6,  and  1-4-8  concrete,  1-3  mortar  and  neat  cement,  for 
wet,  plastic  and  dry  consistencies,  air  and  water  curing,  and  three  brands 
of  cement.  Similar  tests  made  using  cinders  as  coarse  aggregate  in  con¬ 
crete,  and  limestone  screenings  as  fine  aggregate  in  1-5  mortars.  Results 
also  show  effect  of  wetting  on  tensile  strength  and  elasticity  of  cinder 
concrete. 

Die  Elastizitatsverhaltniss  in  Beton-Eisenkorpern,  by  Bohm; 

Zeits.  fur  Arch.  u.  Ing.  Wesen  (Pfanover),  1900. 

Tonind.  Ztg.,  v.  24,  p.  1395,  Aug.  9,  1900. 

Uber  Versuchsergebnisse  bei  Erprobung  von  Beton-  und  Beton-Eisen  Constructionen, 
by  J.  A.  Spitzer; 

Zeits.  Osterr.  Ing.  u.  Arch.  Vereines,  p.  665,  1901. 

Results  of  previous  investigators  reviewed. 

Uber  den  Elinfluss  von  Eiseneinlagen  in  Cementbeton  und  das  Elastiche  Verhalten 
der  Cementeisenkonstruktionen,  by  Bohm; 

Tonind.  Ztg.,  July  18,  1901. 

Tests  of  Reinforced  Concrete  Beams,  by  W.  K.  Hatt; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  2,  p.  161,  1902. 

Results  of  modulus  of  elasticity  of  1-2-4  broken  stone  and  cinder  concrete 
for  compression  tests  of  8  by  16  in.  cylinders  and  tension  tests  of  4  by  4 
by  30  in.  concrete  bars. 

Effect  of  Age  and  Composition  on  the  Strength  and  Modulus  of  Elasticity  of  Con¬ 
crete,  by  E.  Thacher; 

Cement,  March,  May,  July  and  November,  1902. 


Modulus  of  Elasticity  of  Concrete 
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tlber  den  Elastizitatscoeffizient  fur  Druck  Bei  Beton  Eisen,  by  S.  J.  Rutgers; 

De  Ingenieur,  No.  21  and  28,  1903. 

Beton  u.  Eisen,  p.  213,  1903. 

Esperienze  Sulla  Elasticity  e  Resistenza  di  Couglomerati  di  Cimento  Semplici  ed 
Armati,  by  C.  Guidi; 

Torino,  Carlo  Clausen,  Edit. 

Extension  and  Elasticity  of  Reinforced  Concrete,  by  A.  Considere; 

Beton  u.  Eisen,  No.  S,  1903. 

Strength  and  Elasticity  of  6-in.  Cubes  and  10-in.  Columns,  by  E.  J.  McCaustland; 

Trans.  Am.  Soc.  Civil  Eng.,  v.  50,  p.  482,  1903. 

Miscellaneous  Tests  of  Elasticity  in  “Materials  of  Construction,”  by  J.  B.  Johnson; 
J.  Wiley  &  Sons,  p.  575,  2nd  Ed.,  1903. 

Maximum  Permissible  Compressive  Stresses  upon  Concrete,  by  F.  von  Emperger; 
Beton  u.  Eisen,  v.  1,  1903. 

Diagrams  show  elastic  limit  of  concrete  as  compared  with  other  materials  of 
construction. 

Belastungsversuch  au  Einer  Armierter  Betonplatte,  by  J.  Melan; 

Zeits.  d.  Osterr.  Ing.  u.  Arch.,  p.  879,  1902. 

Tonind.  Ztg.,  p.  468,  March  19,  1903. 

Beton  u.  Eisen,  p.  133,  1903. 

Coefficient  of  Elasticity  of  Concrete  and  Mortar  Beams  During  Flexure,  by  M.  S. 
Falk; 

Proc.  Am.  Soc.  Civil  Eng.,  v.  29,  p.  212,  Feb.,  1903. 

Abs.  Jl.  Assn.  Eng.  Soc.,  v.  32,  p.  312,  1904. 

Discussions  by  E  J.  McCaustland,  same  journal,  p.  382,  Apr.,  1903,  and  W.  K 
Hatt,  p  569,  May,  1903 

Elasticity  and  Resistance  of  Materials  of  Engineering,  by  W.  H.  Burr; 

J.  Wiley  &  Sons,  New  York,  1903. 

liber  die  Festigkeit  Veranderlich  Elastischen  Konstruktionen,  Insbesondere  von 
Eisenbeton-Bauten  .  .  .,  by  R.  Saliger; 

Alfr.  Kroner,  Stuttgart,  publisher,  1904. 

Abs.  Tonind.  Ztg.,  p.  1598,  Nov.  15,  1904. 

Abs.  Beton  u.  Eisen,  p.  24,  1905. 

Experiments  on  Elasticity  of  Concrete,  by  W.  K.  Hatt; 

Jl.  Assn.  Eng.  Soc.,  v.  32,  p.  321,  June,  1904. 

Jl.  West.  Soc.  Eng.,  p.  324,  June,  1904. 

Modulus  of  elasticity  of  broken  stone  and  gravel  concrete  in  compression  and 
tension  at  28  and  90  days. 

Probelastungen  bei  Bauten,  by  Schluter; 

Deutscher  Beton  Verein,  Feb.,  1905. 

Tonind.  Ztg.,  p.  1438,  Sept.  2,  1905.  - 

Effect  of  Heat  on  the  Crushing  Strength  and  Elastic  Properties  of  Concrete,  by 
I.  H.  Woolson ; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  5,  p.  335,  1905,  v.  6,  p.  433,  1906,  and  v.  7,  p.  404, 
1907. 

Abs.  Eng.  News,  v.  55,  p.  723,  June  28,  1905. 

Ability  of  Reinforced  Concrete  to  Sustain  Great  Elongations,  by  A.  Considere; 
Comptes  Rendus,  v.  140,  Jan.  30,  1905. 

Le  Genie  Civil,  v.  46,  p.  243,  Feb.  11,  1905. 

La  Construction  Moderne,  v.  20,  p.  241,  Feb.  18,  1905. 

Le  Ciment,  No.  2,  p.  26,  1905. 

Schweizerische  Bauzeitung,  v.  45,  p.  138,  March  18,  1905. 

Revue  du  Genie  Militaire,  v.  29,  p.  236,  March,  1905. 

Beton  u.  Eisen,  p.  58,  1905. 

Ann.  Ponts  et  Chauss.  v.  1,  p.  233,  1905. 

Ann.  des  Trav.  Pub.  de  Belgique,  p.  373,  1905. 

Eng.  Rec.,  v.  51,  p.  451,  April  22,  1905. 

Elastic  and  Ultimate  Strength  of  Brickwork  Piers  and  Pillars  of  Concrete,  by  W.  C. 
Popplewell ; 

Proc.  Inst.  Civil  Eng.,  v.  161,  p.  311,  1905. 

Eng.  News,  v.  55,  p.  9,  Jan.  4,  1906. 

Elasticity  of  Reinforced  Concrete; 

Eng.  Mag.,  v.  29,  p.  109,  April,  1905. 

Bending  Tests  on  Reinforced  Concrete  Beams,  by  E.  Morsch; 

Schweiz.  Bauzeitung,  Dec.  16,  1905. 

Deutsch.  Bauzeitung,  April  13,  20  and  May  1,  1907. 

Tension  and  Compression  Tests  of  Concrete,  by  Jochum  and  Schwarz; 

Eng.  Rec.,  v.  54,  p.  643,  Dec.  8,  1906. 

Deformation  measurements  made  on  concrete  in  tension  and  compression; 
modulus  of  elasticity  found  to  be  same  in  both  cases. 
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Rigidity  of  Constructive  Materials,  by  J.  E.  Howard; 

Eng.  Rec.,  v.  S3,  p.  658,  May  26,  1905. 

Diagrams  show  moduli  of  elasticity  of  concrete,  brick  and  other  materials. 

New  Method  of  Calculating  Proportions  of  Reinforced  Concrete  Structures,  by  G. 
Espitallier; 

Genie  Civil,  Jan.  6,  1906. 

Computations  based  on  experimental  values  of  modulus  of  elasticity  of  metal 
and  concrete. 

Tests  of  Reinforced  Concrete  Beams,  by  A.  N.  Talbot; 

Bull.  4,  Univ.  Ill.  Eng.  Exp.  Sta.,  April,  1906. 

Proc.  Am.  Soc.  Testing  Mat.,  v.  4,  1904. 

Eng.  News,  v.  52,  p.  122,  200,  240,  289,  1904. 

Results  of  comprehensive  series  of  tests  of  reinforced  concrete  beams.  Shows 
application  of  stress-deformation  relation  of  concrete  as  represented  by 
parabola  to  theory  of  flexure  of  reinforced  concrete. 

Concrete  Column  Tests  at  Watertown  Arsenal,  by  J.  E.  Howard; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  6,  p.  346,  1906,  and  v.  7,  p.  394,  1907. 

Abs.  Eng.  Rec.,  v.  54,  p.  54,  July  15,  1906 

Moduli  of  elasticity  for  plain  1-1  mortar  columns  and  hooped  columns  of 
1-2-4  and  1-3-6  concrete. 

Consistency  of  Concrete,  by  S.  E.  Thompson; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  6,  1906. 

Results  of  tests  of  concrete  of  different  consistencies  at  ages  of  1  to  17 
months 

Tests  of  Concrete  and  Reinforced  Concrete  Columns,  by  A.  N.  Talbot; 

Bull.  10,  Univ.  Ill.  Eng.  Exp.  Sta.,  1907. 

Proc.  Am.  Soc.  Testing  Mat.,  v.  7,  p.  382,  1907. 

Stress-deformation  relations  given  for  plain  and  reinforced  columns 
Extensibility  of  Concrete  and  Reinforced  Concrete,  by  C.  Bach; 

Zeits.  Ver.  Deutscher  Ing.,  June  29,  1907. 

Laws  of  Proportioning  Concrete,  by  Fuller  and  Thompson; 

Trans.  Am.  Soc.  Civil  Eng.,  v.  59,  p.  139,  Dec..  1907. 

Results  of  tests  at  Stevens  Institute  indicate  that  modulus  of  elasticity 
increases  with  maximum  size  of  stone  and  percentage  of  cement  and  is 
higher  for  Cowe  Bay  gravel  and  sand  than  that  for  similar  specimens  mixed 
with  Jerome  Park  sand  and  screenings.  Tests  made  on  6  by  6  by  18  in 
prisms. 

Tests  of  Concrete  and  Reinforced  Concrete  Columns,  by  A.  N.  Talbot- 
Bull.  20,  Univ.  Ill.  Eng.  Exp.  Sta.,  1907. 

Stress-deformation  relations  given  for  plain  and  reinforced  columns. 

Concrete  and  Reinforced  Concrete  Construction,  by  H.  A.  Reid- 
M.  C.  Clark,  New  York,  p.  172,  180,  181,  189,  194,  1907. 

Summarizes  data  of  modulus  of  elasticity  of 'concrete  from  Watertown  Arsenal, 
Woolsen,  Rafter,  and  others. 

Elastic  Limit  of  Reinforced  Concrete; 

Beton  u.  Eisen,  Jan.  27,  and  Sept.  2,  1908. 

Strength  of  Concrete  Beams,  by  R.  L.  Humphrey; 

Bull.  344,  U.  S.  Geol.  Survey,  1908. 

Moduli  of  elasticity  of  concrete  cylinders  using  cinder,  gravel,  granite,  and 
limestone  aggregates  in  different  proportions.  Modulus  of  rupture  of  beams 
also  given. 

Extensibility  of  Reinforced  Concrete,  by  Stein; 

Technicky  Obzer.  Prag.,  No.  3,  1908. 

Shearing  Modulus  of  Concrete,  by  Heintel; 

Beton  u.  Eisen,  No.  4,  1908. 

Abs.  Cement,  v.  8,  p.  461,  April,  1908,  by  Moisseiff. 

Modulus  of  elasticity  of  concrete  in  shear  obtained  from  simple  beams.  Gives 
values  and  method  of  obtaining  modulus  of  elasticity  of  concrete  in  shear. 
Extensibility  of  Reinforced  Concrete  and  Its  Place  in  New  Regulations  by  F 
Adutt; 

Zeits.  d.  Oesterr.  Ing.  und  Arch.  Ver.  No.  3,  1908. 

Concrete-Steel  Construction  (Der  Eisenbetonbau),  by  E.  Morsch: 

Translated  by  E.  P.  Goodrich;  Eng.  News  Publishing  Co.,  New  York,  1909. 

Tests  of  Compressive  Strength  and  Elasticity  of  Concrete  of  Progressively  Increas¬ 
ing  Age; 

Beton  u.  Eisen,  April  2,  1909. 

Zeits.  d.  Ver.  Deutscher  Ing.,  May  22,  1909. 

Armierter  Beton,  v.  5,  1909. 
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Contributions  to  Methods  of  Testing  Elastic  Alterations  in  Length  of  Concrete,  by 
B.  v.  Bresztovszky ; 

Proc.  Int.  Assn.  Testing  Mat.,  No.  XIII3,  1909. 

Mitt.  Int.  Verb.  Mat.,  1909. 

Strength  Properties  of  Reinforced  Concrete  Beams,  by  W.  C.  Popplewell; 

Proc.  Inst.  Civil  Eng.  v.  177,  p.  177,  1909. 

Results  of  modulus  of  elasticity  determinations  on  concrete  prisms. 

Tests  of  Plain  and  Reinforced  Concrete  Columns,  by  M.  O.  Withey; 

Proc.  Am.  Soc.  Testing  Mat.,  1909,  p.  469,  1910,  p.  361. 

Coefficient  of  Elasticity  of  Concrete  in  Shear,  by  L.  S.  Moisseiff; 

Cement,  v.  10,  p.  295,  February,  1910. 

Method  for  determination  of  modulus  of  elasticity  of  concrete  in  shear  by 
investigation  of  deflection  in  beams. 

Distribution  of  Stress  in  Reinforced  Concrete  Beams,  by  A.  T.  Goldbeck; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  10,  p.  376,  1910. 

Modulus  of  elasticity  of  concrete  determined  from  tests  of  8  by  16  in.  cylin¬ 
ders  tested  in  compression  and  8  in.  cylinders  tested  in  tension. 

Effect  of  High  Pressure  Steam  on  Crushing  Strength  of  Portland  Cement  Mortar 
and  Concrete,  by  R.  J.  Wig; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  11,  p.  580,  1911. 

Tech.  Paper  5,  U.  S.  Bureau  of  Standards,  1912. 

Eng.  &  Contr.,  v.  37,  p.  230,  1912. 

Results  of  tests  show  initial  modulus  of  elasticity  to  increase  directly  with 
steam  pressure  and  period  of  storage  in  steam. 

Determination  of  Stresses  in  a  Reinforced  Concrete  Member  Subject  to  Axial  Load 
and  Flexure,  by  S.  Ingberg; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  11,  p.  595,  1911. 

Formula  deduced  to  obtain  stress  in  steel  and  concrete  when  subjected  to 
combined  thrust  and  flexure.  Modulus  of  elasticity  of  concrete  determined 
from  tests  of  8  by  16  in.  cylinders. 

Relation  between  Tensile  Strength  and  Elasticity  of  Concrete  Under  Compression, 
by  F.  Schiile; 

Proc.  Int.  Assn.  Testing  Mat.,  Part  II,  Paper  XII1(  1912. 

Tests  made  at  Zurich  indicate  that  mixture,  and  nature  of  cement,  sand  and 
gravel  have  no  influence  on  relation  between  crushing  strength  and  modulus 
of  elasticity. 

Tests  of  Columns — Investigation  of  Value  of  Concrete  as  Reinforcement  for  Struc¬ 
tural  Steel  Columns,  by  Talbot  and  Lord; 

Bull.  56,  Univ.  Ill.  Eng.  Exp.  Sta.,  1912. 

Strength  of  Reinforced  Concrete  Beams,  by  Humphrey  and  Losse; 

Tech.  Paper  2,  U.  S.  Bureau  of  Standards,  p.  129,  1912. 

Modulus  of  elasticity  for  8  by  16  in.  cylinders  at  four  different  ages  using 
granite,  limestone,  cinders  and  gravel  as  aggregate- 

investigation  of  Strength  of  Cinder  Concrete,  by  Strehan  and  Perrine; 

Eng.  News,  v.  70,  p.  722,  Oct.  9,  1913. 

Moduli  of  elasticity  of  cinder  concrete  for  1-2-5  and  1-1-5  mixes  tested  at 
ages  of  1,  2  and  6  months. 

Relation  between  Deformation  and  Deflection  in  Reinforced  Concrete  Beams,  by 
G.  A.  Maney; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  14,  p.  310,  1914. 

Unit  deformation  in  steel  and  in  extreme  fibre  of  concrete  are  the  only 
determining  factors  in  deflection,  except  depth,  span,  and  method  of  load 
distribution.  Gives  formula  based  on  modulus  of  elasticity  and  moment  of 
inertia  of  sectional  area  of  beam. 

Distribution  of  Stress  and  Strain  in  Reinforced  Concrete  Beams  Subjected  to  Bend¬ 
ing,  by  Lea  and  Crowther; 

Engineering,  Sept.  18,  1914. 

Investigation  of  the  Strength  and  Elastic  Properties  of  Concrete-Filled  Pipe  Columns, 
by  Swain  and  Holmes; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  15,  p.  230,  1915. 

Columns  have  definite  elastic  limit  and  are  perfectly  elastic  up  to  this  load. 

Tests  of  Large  Reinforced  Concrete  Slabs,  by  Goldbeck  and  Smith; 

Proc.  Am.  Concrete  Inst.,  v.  12,  p.  324,  1916 

Tests  show  that  concrete  does  not  give  the  constant  relation  between 
load  and  its  accompanying  deformation  within  limit  of  elasticity,  inde¬ 
pendent  of  time,  as  practically  all  other  materials  of  construction  do;  it 
exhibits  a  marked  flow  or  molecular  readjustment  under  working  stresses 
extending  over  periods  of  several  weeks.  Modulus  of  elasticity  of  slabs 
given. 
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Time  Tests  of  Concrete,  by  Fuller  and  More; 

Proc.  Am.  Concrete  Inst.,  v.  12,  p.  302,  1916. 

Stress-deformation  relation  for  concrete  test  pieces  loaded  for  different 
periods  of  time. 

Tests  of  Concrete  Columns,  Plain  and  Reinforced,  by  McKibben  and  Merrill; 

Proc.  Am.  Concrete  Inst.,  v.  12,  p.  200,  1916. 

Gives  modulus  of  elasticity  of  reinforced  columns  in  compression  with  various 
types  of  reinforcing.  Also  tables  and  graphs  showing  relation  between 
compressive  stress  and  modulus  of  elasticity  of  plain  concrete. 

Strength  and  Other  Properties  of  Concretes  as  Affected  by  Materials  and  Methods 
of  Preparation,  by  Wig,  Williams  and  Gates; 

Tech.  Paper  58,  U.  S.  Bureau  of  Standards,  1916. 

Gives  values  of  modulus  of  elasticity  of  concretes  for  a  large  number  of  gran¬ 
ites,  gravels,  limestones,  and  other  types  of  aggregates  for  different  mix¬ 
tures  and  ages. 

Flow  of  Concrete  Under  Sustained  Loads,  by  E.  B.  Smith;  ' 

Proc.  Am.  Concrete  Inst.,  v.  12,  p.  317,  1916,  and  v.  13,  p.  99,  1917. 

Comparison  of  modulus  of  elasticity  and  flow  of  concrete  using  various  aggre¬ 
gates,  etc. 

Tests  of  Concrete  Columns  with  Cast-Iron  Core,  by  L.  J.  Mensch; 

Proc.  Am.  Concrete  Inst.,  v.  13,  p.  22,  1917. 

Extensometer  Readings  in  a  Reinforced  Concrete  Building  Over  a  Period  of  1 
Year,  by  A.  R.  Lord; 

Proc.  Am.  Concrete  Inst.,  v.  13,  p.  45,  1917. 

Modulus  of  elasticity  of  8  by  8  by  16  in.  prisms  at  ages  of  2,  6,  10  and  14  mo. 

Saturation  of  Concrete  Reduces  Strength  and  Elasticity,  by  M.  B.  Lagaard; 

Eng.  News-Re'?.,  v.  81,  p.  908,  Nov.  14,  1918. 

Elastic  Properties  of  Cement  Mortar  and  Concrete,  Concrete  Engineers’  Handbook,  by 
Hool  and  Johnson; 

McGraw-Hill  Book  Co.,  New  York,  1918,  p.  250,  846. 

Summarizes  results  of  tests  of  modulus  of  elasticity  of  concrete  from  Tech. 
Papers  2  and  58  of  the  U.  S.  Bureau  of  Standards. 

Reinforced  Concrete  Under  Simple  Bending  Stress,  by  M.  Schendera; 

Armierter  Beton,  v.  11,  p.  195,  October,  1918. 

Calculations,  formulas  and  tables  pertaining  to  deflection  in  slabs. 

Test  of  an  8-year-old  Flat  Slab  Floor  of  Western  Newspaper  Union  Bldg.,  by  Talbot 
and  Gonnerman; 

Proc.  Am.  Concrete  Inst.,  v.  14,  p.  192,  1918. 

Stresses  in  panels  calculated,  using  4000000  lb.  per  sq.  in.  as  modulus  of 
elasticity  of  concrete  obtained  from  tests  of  prisms  cut  from  floor. 

Elasticity  of  Neat  Cement,  by  L.  Jouan; 

Concrete,  v.  15,  Sup.  78,  Nov.,  1919. 

Modulus  of  Elasticity  of  Concrete,  by  S.  Walker; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  19,  Part  II,  1919. 

Bull.  5,  Structural  Materials  Research  Lab.,  1920. 

Abs.  Eng.  &  Cont.,  v.  53,  p.  483,  Apr.  28,  1920. 

Abs.  of  discussion— Concrete  &  Constr.  Eng.,  p.  646,  Oct.,  1921. 

Gives  values  of  modulus  of  elasticity  and  compressive  strength  based  on 
iests  of  about  4,000  6  by  12  in.  cylinders  for  mixtures  ranging  from  1-15  to 
neat  cement,  ages  at  test  of  7d.  to  5y.,  and  for  wide  ranges  in  consistency 
of  concrete  and  grading  of  aggregate. 

Strainagraph  and  Its  Relation  to  Concrete  Ships,  by  F.  R.  McMillan; 

Proc.  Am.  Concrete  Inst.,  v.  15,  p.  108,  1919. 

Stresses  in  concrete  ships  studied  under  various  conditions,  such  as  storms, 
launching,  etc. 

Modulus  of  Elasticity  of  Concrete  in  Tension,  by  Carver  and  Queuse; 

Eng.  News-Rec.,  Dec.  11,  18,  1919. 

The  Elastic  Properties  of  Mortars  and  Concretes,  Johnson’s  “Materials  of  Construc¬ 
tion,  by  Withey  and  Aston; 

J.  Wiley  and  Sons  (5th  Ed.,  1919). 

Die  Druckelastizitat  und  Zugelastizitat  des  Betons,  by  O.  Graf; 

Forschungsarbeiten  auf  dem  Gebiete  des  Ingenieurwesens,  No.  227,  1920. 

Review  of  25  years’  research  work. 

Compressive  Strength  of  Concrete  in  Flexure,  by  Slater  and  Zipprodt- 
Proc.  Am.  Concrete  Inst.,  v.  16,  p.  120,  1920. 

Modulus  of  elasticity  of  concrete  cylinders  tabulated. 


Modulus  of  Elasticity  of  Concrete 


87 


Some  Determinations  of  Stress-Deformation  Relations  for  Concrete  under  Repeated 
and  Continuous  Loading,  by  G.  M.  Williams; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  20,  p.  233,  1920. 

Discussion  by  S.  Walker,  same  Journal,  v.  20,  p.  2S0,  1920. 

Eng.  News-Rec.,  v.  85,  p.  81,  July  8,  1920. 

Eng.  &  Contr.,  v.  54,  p.  190,  Aug.  25,  1920;  discussion  p.  424,  Oct.  27,  and  p. 
506:  Nov.  24,  1920. 

Concludes  from  his  data  that  true  stress-deformation  relation  for  concrete 
is  straight  line.  Values  for  normal  concretes  same  for  any  given  material 
in  either  wet  or  dry  condition. 

Test  of  Flat  Slab  Floor  of  New  Channon  Building,  by  Gonnerman  and  Richart; 
Proc.  Am.  Concrete  Inst.,  v.  17,  p.  182,  1921. 

Initial  modulus  of  elasticity  of  concrete  cylinders  reported. 

Modulus  of  Elasticity  of  Concrete,  by  F.  C.  Lea; 

Proc.  Concrete  Inst.  (London),  1921. 

Ferro-Concrete,  Aug.,  1921,  p.  32. 

Results  of  compressometer  tests  show  that  mixtures  in  which  ratio  of  sand 
to  stone  are  1-1  and  1-1  Yz  are  not.  to  be  recommended;  but  only  mixtures 
with  ratio  of  1-2,  properties  of  which  are  summarized. 

Der  Einfluss  der  Kornzusammensetzung  der  Zuschlagstoffe  von  Eisenbeton-mischun- 
gen,  auf  die  Druckfestigkeit  und  Elastizitat,  by  J.  Kortlang; 

Der  Bauingenieur,  v.  9,  1921. 

What  Is  the  Use  of  the  Modular  Ratio?  by  H.  K.  Dyson; 

Concrete  &  Const.  Engr.,  v.  17,  p.  330,  408,  486,  1922. 

Abs.  Bldg.  &  Furnishing  Trade  Suppl.  to  Overseas  Daily  Mail,  April,  1922. 

Discusses  modulus  of  elasticity  with  special  reference  to  concrete,  iron  and 
steel. 

Mild  vs.  High-Tension  Steel  for  Reinforced  Concrete  Work,  by  W.  L.  Scott; 
Concrete  &  Const.  Engr.,  v.  17,  p.  307,  May,  1922. 

Modulus  of  elasticity  of  steels  are  compared  with  that  of  concrete. 

Recherches  Experimentales  sur  le  Coefficient  d’Elasticite  du  Beton,  by  G.  Magnel; 
Rev.  Universelles  des  Mines,  Jan.  1,  1922. 

Torsional  Strength  of  Rectangular  Sections  of  Concrete,  Plain  and  Reinforced,  by 
Young,  Sagar  and  Hughes. 

Bull.  No.  3,  Section  No.  9,  Univ.  of  Toronto,  1922. 

Canadian  Eng.,  v.  43,  p.  445,  1922. 

Values  for  shearing  resistance  and  modulus  of  elasticity  of  concrete  in 
torsion. 
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BIBLIOGRAPHY  ON  MODULUS  OF  ELASTICITY  OF  STONE  AND 
OTHER  NON-METALLIC  MATERIALS  OF  CONSTRUCTION. 


Some  Thermodynamic  Properties  of  Solids,  by  J.  P.  Joule; 

Philosophical  Trans.,  v.  149,  p.  91,  18S9. 

Study  of  relation  between  elasticity  and  heat  evolved  by  work.  Young’s 
modulus  tabulated  for  iron,  steel,  cast-iron,  straw,  copper,  leather,  lead, 
gutta  percha,  india  rubber,  various  kinds  of  wood,  etc. 

Festigkeit  Verschiedener  Bausteine,  by  J.  Bauschinger; 

Mitt,  aus  detn  Mech.  Tech.  Lab.  der  Polytechnischen  Schule  in  Munchen,  1874, 
No.  5. 

Gives  modulus  of  elasticity  for  sandstone,  granite,  dolomite,  limestone,  etc. 
Uber  den  Elasticitats  Modul  und  die  Bleibende  Zusammendriickung  und  Ausdehnung 
Mehrerer  Bausteine,  by  J.  Bauschinger; 

Mitt,  aus  dem  Mech.  Tech.  Lab.  der  Polytechnischen  Schule  in  Munchen,  1875 
Tables  and  graphs  of  results  of  extensive  experiments  of  modulus  of  elasticity 
of  stone. 

Modulus  of  Elasticity  of  Some  American  Woods  as  Determined  by  Vibration,  by 
Ihlseng; 

Van  Nostrand’s  Eng.  Mag.,  v.  19,  1878. 

Untersuchungen  tlber  die  Elasticitat  und  Festigkeit  von  Fichten  und  Kiefern- 
Bauholzern,  by  J.  Bauschinger; 

Mitt,  aus  dem  Mech.  Tech.  Lab.  der  Polytechnischen  Schule  in  Munchen,  No. 

10,  1883. 

Modulus  of  elasticity  of  wood  tabulated. 

Untersuchungen  tlber  die  Elasticitat  und  Festigkeit  der  Wichtigsten  Natiirlichen 
Bausteine  in  Bayern,  by  J.  Bauschinger; 

Mitt,  aus  dem  Mech.  Tech.  Lab.  der  Polytechnischen  Schule  in  Munchen,  No. 

11,  1884. 

Modulus  of  elasticity  of  stone  in  tension  and  compression,  tabulated. 

Elastic  Properties  of  Common  Brick  Used  in  Pier  Tests; 

Tests  of  Metals,  p.  1138,  1885. 

Strength  and  Elasticity  of  Iron  Bark  Timber,  by  Warren; 

Proc.  Inst.  Civil  Eng.,  1887. 

Notes  on  Compressive  Resistance  of  Freestone,  Brick  Piers,  Hydraulic  Cements, 
Mortars  and  Concretes,  by  Q.  A.  Gillmore;  J.  Wiley  &  Sons,  New  York,  1888. 
Moduli  of  elasticity  of  stones,  cement  mortars  and  concretes,  tabulated. 
Untersuchungen  von  Granit  Inbezug  auf  Zug,  Druck-,  Biegungs-,  und  Schubfestigkeit 
sowie  in  Hinsicht  auf  Zug-,  Druck-,  und  Biegungselastizitat ; 

Allgemeines  Gesetz  der  Elastischen  Dehnungen,  by  C.  Bach. 

Zeits.  d.  Ver.  Deutscher  Ing.,  v.  41,  p.  33,  1897. 

Building  and  Ornamental  Stones  of  Wisconsin,  by  E.  R.  Buckley; 

Bulletin  4,  Wisconsin  Geol.  Survey,  p.  370  and  398,  1898. 

Gives  moduli  of  elasticity  for  granite,  limestone,  sandstone,  etc. 

Theory  of  Elasticity  and  Study  of  Strength  of  Materials,  by  Kirsch; 

Zeits.  d.  ver.  Deutscher  Ing.,  July  16,  1898. 

Mathematical  investigation  of  modern  theory  showing  its  application  to  prac¬ 
tical  problems.  Compares  observed  and  computed  results. 

Law  of  Elasticity  and  Its  Practical  Application,  by  R.  Bredt; 

Zeits.  d.  ver.  Deutscher  Ing.,  June  18,  1898. 

Mathematical  discussion  of  relation  between  stress  and  strain  with  practical 
application. 

Study  of  Bach’s  Law  of  Strain  and  Stress,  by  L.  Geusen; 

Zeits.  d.  ver.  Deutscher  Ing.,  Apr.  23,  1898. 

Mathematical  discussion  of  law  of  Bach  expressing  relation  between  extension 
and  stress  with  practical  applications. 

Tests  of  Brick  Masonry  Piers,  by  E.  J.  McCaustland; 

Trans.  Assn.  Civil  Eng.  Cornell  Univ.,  v.  8,  p.  22,  1900. 

Moduli  of  elasticity  of  brick  piers  given. 

Error  in  Hooke’s  Law,  by  F.  Rust; 

Oest.  Monatschr.  f.  d.  Oeff.  Baudienst,  July,  1900. 

Simple  experiment  and  mathematical  discussion  showing  Hooke’s  Law  of 
elasticity  is  inadequate  in  case  of  a  beam  fixed  at  one  end  and  bent  by  its 
own  weight. 
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Properties  of  Brick  Under  Different  Physical  Conditions,  by  S.  M.  Turrill; 

Trans.  Am.  Soc.  Civil  Eng.,  v.  51,  p.  35,  1903. 

Gives  modulus  of  elasticity  of  brick  in  tension,  compression  and  shear. 

Stones  for  Building  and  Decoration,  by  G.  P.  Merrill; 

J.  Wiley  &  Sons,  3rd  Ed.,  p.  479,  1903. 

Table  gives  modulus  of  elasticity  in  compression  of  granite,  marble,  syenite 
and  other  stones. 

Study  of  Stress-Strain  Curves,  by  J.  S.  Sewell; 

Int.  Eng.  Congress,  1904. 

Includes  discussion  by  S.  E.  Thompson. 

Experiments  on  Elasticity  of  Some  Sicilian  Limestones,  by  M.  Greco; 

Paper  B-ll,  Int.  Assn.  Testing  Mat.,  Brussels,  1906. 

Tests  made  using  Bauschinger  mirror  extensometer  to  determine  coefficients 
for  practical  use. 

Mathematical  Theory  of  Elasticity,  by  A.  E.  H.  Love,  1906. 

Gives  good  historical  treatment  with  detailed  references  to  early  literature. 

Elasticity  of  Materials  Compared,  by  J.  E.  Howard; 

Eng.  Rec.,  v.  53,  p.  658,  May,  1906. 

Concrete  and  Reinforced  Construction,  by  II.  A.  Reid; 

M.  C.  Clark  Pub.  Co.,  New  York,  p.  172,  1907. 

Moduli  of  elasticity  tabulated  for  brick,  granite,  concrete,  slate  and  wood. 
Strength  of  Brick  and  Brick  Piers,  by  J.  E.  Howard; 

Eng.  Rec.,  v.  55,  p.  218,  Feb.,  1907. 

1,000,000  to  10,000,000  lb.  per  sq.  in.  obtained  for  modulus  of  elasticity  by  sub¬ 
tracting  permanent  set. 

Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by  Talbot  and  Abrams; 
Bull.  27,  Univ.  of  Ill.  Eng.  Exp.  Sta.,  1908. 

Gives  moduli  of  elasticity. 

Tests  of  Timber  Beams,  by  A.  N.  Talbot; 

Bull.  41,  Univ.  of  Ill.  Eng.  Exp.  Sta.,  Dec.,  1909. 

Extensive  data  showing  modulus  of  elasticity  of  large  and  small  beams, 
stringers,  creosoted  pine,  various  types  of  pine,  and  other  timber. 

Elasticity,  by  Sir  W.  Thomson; 

Encyclopedia  Britannica,  11th  Ed.,  1910. 

Strength  and  Elasticity  of  Wool  Fiber; 

Paper  No.  1,  Wool  Lab.  Univ.  of  Wyoming  Exp.  Sta.,  1911. 

Strength,  Elasticity,  and  Other  Properties  of  New  South  Wales  Hardwood  Timbers, 
by  W.  H.  Warren; 

Proc.  Int.  Assn.  Testing  Mat.,  Part  II,  Paper  XXIII8,  1912. 

Elasticity  in  tension  and  compression  measured. 

Tests  of  Elasticity  and  Strength  of  Bamboo,  Acacia,  Ash  and  Hickory  Timbers,  by 
R.  Baumann; 

Zeits.  d.  Ver  Deutscher,  Ing.,  Feb.  10,  1912. 

Relation  between  Modulus  of  Elasticity  and  Plasticity  of  Clays,  by  Bleininger 
and  Brown; 

Trans.  Am.  Ceramic  Soc.,  v.  17,  p.  464,  1915. 

Gives  data  of  modulus  of  elasticity  of  various  clays. 

Report  of  Committee  C-10  on  Hollow  Building  Tile  (Appendix  1); 

Proc.  Am.  Soc.  Testing  Mat.,  v.  17,  Part  I,  p.  338,  1917. 

Modulus  of  elasticity  of  hollow  building  tile  tested  at  various  laboratories. 
Tests  of  Hollow  Building  Tiles,  by  Hathcock  and  Skillman; 

Tech.  Paper  120,  U.  S.  Bureau  of  Standards,  1919. 

Data  of  modulus  of  elasticity  and  compressive  strength  of  hollow  building  tile. 
Tests  of  Plain  and  Reinforced  Gypsum  Specimens,  by  W.  A.  Slater; 

Jl.  West.  Soc.  of  Eng.,  v.  24,  p.  399,  Sept.,  1919. 

Gives  modulus  of  elasticity  of  6  by  12  in.  and  8  by  16  in.  gypsum  cylinders 
of  different  consistencies  and  ages. 

Relaxation  and  Elasticity,  by  R.  Reiger; 

Bericht.  der  Deutscher  Physikalischen  Gesellschaft,  v.  21,  p.  421,  July  30,  1919. 

In  relaxation  phenomenon  volume  elasticity  and  shape  elasticity  are  to  be 
considered  separately.  A  relation  of  volume  elasticity  does  not  occur  in 
liquids.  In  case  of  plastic  and  solid  bodies  it  must  be  determined  experi¬ 
mentally  whether  variation  in  density  is  due  to  relaxation  or  not.  Relaxa¬ 
tion  of  shape  elasticity  occurs  in  all  cases. 

Elasticity  et  Resistance  des  Corps  Pierreux,  by  A.  Montel; 

Translated  from  Italian,  by  M.  Darras. 

Published  by  Dunod  (Paris),  1920. 

Treats  of  elasticity  of  brick  and  stone,  and  brick  and  stone  masonry. 
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FOREWORD  TO  SECOND  EDITION 


This  report  was  originally  printed  in  the  Minutes  of  the 
Spring  Meeting  of  the  Portland  Cement  Association,  April, 
1920  and  was  reprinted  as  Bulletin  6  in  June,  1920. 

In  the  second  edition  the  text  has  been  entirely  rewritten; 
the  tables  have  been  revised  to  include  tests  for  the  2  and  5-yr. 
storage  periods.  The  summary  tables  (10  to  13)  have  been 
rearranged ;  all  figures  have  been  redrawn. 

No  important  changes  in  the  original  conclusions  have  been 
made  necessary  by  the  addition  of  the  later  tests. 

The  principal  conclusions  from  a  preliminary  study  of  the 
data  from  an  investigation  of  bin-stored  cements  are  included. 

A  comprehensive  bibliography  on  storage  of  cement  has 
been  added. 


EFFECT  OF  STORAGE  OF  CEMENT 


By  Duff  A.  Abrams 


SUMMARY 


Tests  were  made  in  order  to  determine  the  concrete  and  mortar- 
making  properties  of  3  different  lots  of  Portland  cement  which  had 
been  stored  up  to  5  yr.  in  sacks  under  different  conditions.  ,  The 
cements  were  purchased  from  dealers’  warehouses  and  stored  in  the 
Testing  Laboratory,  in  the  basement  of  Lewis  Institute,  and  in  a  shed 
in  the  yard  for  2  yr.  After  2  yr.  all  cements  were  stored  in  the  Lab¬ 
oratory.  In  general  the  cement  was  stored  in  lots  of  800  to  1200  lb. 
in  standard  cotton  sacks;  in  one  group  of  tests  2  brands  of  paper 
sacks  were  also  used;  in  another  group  the  cloth  sacks  were  covered 
with  thin  layers  of  hydrated  lime  and  Portland  cement.  Upon  receipt 
of  the  cement,  and  after  storage  for  3  mo.,  6  mo.,  1,  2  and  5  yr  ;  con¬ 
crete  and  mortar  specimens  were  made  for  test  at  ages  of  7  arid  28 
days,  6  mo.,  and  1  and  2  yr.  The  tests  were  begun  November,  1916, 
and  completed  November,  1923. 

This  report  includes  compression  tests  of  about  1250  6  by  12dri;  con¬ 
crete  cylinders,  1300  2  by  4-in.  cylinders  of  1:3  standard-sand  mortar, 
and  about  500  miscellaneous  tests. 

'  5  The  following  are  the  principal  conclusions  from  this  investiga¬ 
tion  : 

1.  The  average  strength  of  the  concrete  (mix,  1:5  by  volume,  rela¬ 
tive  consistency  1.00  tested  in  6  by  12-in.  cylinders,  cured  in  a  damp 
condition)  made  from  the  cement  as  received  was  1470  lb.  per  sq.  in.  at 
7  days;  3020  at  28  days;  4410  at  3  mo.;  4680  at  1  yr.;  4910  at  2  yr.; 
and  6030  at  5  yr.  The  increase  in  strength  of  concrete  with  age  shown 
by  these  tests  was  approximately  proportional  to  the  logarithm  of  the 
age,  which  is  characteristic  of  concrete  cured  in  a  damp  place.  ..., 

2.  There  was  an  appreciable  loss  in  strength  of  Portland  cement 
due  to  storage  in  small  lots  in  sacks  for  all  conditions  covered  by  these 
tests;, the  loss  was  greatest  for  the,  cements  stored  in  the  shed,  and 
least  for  those  stored  in  the  Laboratory.  Basement  storage  was  aljnost 
as  severe  as  outdoors.  The  loss  in  strength  was  greater,  for  the  first  3 
mo.  of  storage  than  for  later  3-mo.  periods.  For  example,  the  28-day 
tests  for  cement  stored  in  shed  showed  a  loss  of  about  500  lb.  per  sq. 
in.  for  the  first  3-mo.  storage  and  about  250  lb.  for  the  second  3  mo. 
Still  smaller  losses  were  found  for  later  3-mo.  periods.  In  general  the 
concrete  strengths  for  the  cements  stored  in  the  shed  1  yr.  and  longer 
were  about  80  per  cent  of  those  for  cement  stored  in  the  Laboratory. 
The  deterioration  shown  by  these  tests  was  probably  greater  than 
would  be  found  in  a  larger  lot  of  cement  stofed  in  sacks  under  similar 
conditions.* 


*Tests  on  bin-stored  cement  now  under  way  have  shown  an  increase  in  concrete 
and  mortar  strength  for  4-mo.  storage  particularly  in  the  7  and  28-day  tests;  beyond 
this  time  a  decrease  was  found,  but  up  to  V/z-yr.  storage  the  strength  of  the  cement 
had  not,  in  general,  decreased  below  that  obtained  in  the  initial  tests,  which  were 
made  only  a  few  days  after  grinding  the  cement. 
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3.  The  effect  of  storage  of  cement  was  found  to  he  largely  a  ques¬ 
tion  of  the  age  at  which  concrete  or  mortar  tests  were  made.  The 
early  tests  showed  a  much  greater  loss  in  strength  due  to  storage  of 
cement  than  tests  at  later  ages.  It  is  of  the  utmost  importance  that 
the  strength  of  the  cement  was  not  permanently  reduced  as  shown  by 
the  early  tests;  cements  stored  in  shed  for  3  mo.  gave  an  average 
“strength-ratio”  of  73  per  cent  (as  compared  to  the  original  strength 
of  concrete)  when  tested  at  7  days,  75  per  cent  at  28  days,  and  84  per 
cent  when  tested  at  6  mo.  to  2  yr.  Similar  relations  were  found  for 
the  other  conditions  of  storage.  (See  Table  10  and  Fig.  3.) 

4.  After  storage  of  cement  in  shed  for  3  mo.  the  average  strength- 
ratio  for  the  ages  at  which  tests  were  made  was  80  per  cent;  after  stor¬ 
age  for  6  mo.,  72  per  cent;  1  yr.  60  per  cent;  2  yr.,  46  per  cent;  and 
4%  yr.  45  per  cent.  (See  Table  10  and  11  and  Fig.  3.) 

5.  Two  brands  of  paper  cement  sacks  gave  results  which  did  not 
differ  materially  from  cloth  sacks  when  used  for  storing  cement  for 
periods  up  to  4 y2  yr.  (See  Table  12.) 

6.  A  thin  covering  of  Portland  cement  or  hydrated  lime  over 
cement  in  cloth  sacks  showed  some  advantage,  but  not  sufficient  to 
justify  the  cost  of  this  method  of  storage.  (Table  13.) 

7.  There  was  no  essential  discrepancy  between  the  indications  of 
the  compression  tests  of  1-5  concrete  in  the  form  of  6  by  12-in.  cylinders 
and  the  tests  of  1:3  standard-sand  mortar  in  2  by  4-in.  cylinders. 

8.  The  time  of  setting  of  cement  increased  up  to  storage  periods 
of  1  or  2  yr.,  and  decreased  for  the  longer  periods.  At  the  beginning 
of  the  tests  the  initial  time  of  setting  was  about  iV2  hr.,  after  storage 
for  1  yr.  about  7  hr.;  for  final  time  of  setting  the  corresponding  values 
were  about  8  and  12  hr.  (Table  2  and  Fig.  11.) 

9.  The  normal  consistency  of  cement  was  only  slightly  affected  by 
storage  up  to  2  yr. 

10.  It  appears  that  the  deterioration  of  cement  in  storage  is  due 
to  absorption  of  atmospheric  moisture,  which  causes  a  partial  hydra¬ 
tion,  which  in  turn,  exhibits  itself  in  the  lower  strength-ratios  for  con¬ 
crete,  particularly  at  the  early  ages. 

11.  Only  a  negligible  quantity  of  lumps  formed  up  to  1-yr.  storage; 
these  were  soft  and  readily  broken.  The  lumps  found  in  the  sacks 
after  storage  for  2  yr.  and  over  were  generally  quite  hard;  in  the  shed- 
stored  cements  lumps  amounted  to  as  much  as  30  to  75  per  cent  of  the 
cement.  Lumps  were  generally  discarded  before  testing  the  cement. 

Concrete  and  mortar  tests  of  cement  and  pulverized  lumps  from 
cement  stored  for  7  yr.  showed  the  cement  to  have  about  30  per  cent 
of  its  normal  strength  and  the  lumps  35  per  cent  of  the  strength  of 
the  cement;  in  other  words  the  “lump  cement”  gave  10  per  cent  of  the 
original  concrete  strength.  For  these  tests  the  lumps  were  pulverized 
to  such  a  fineness  that  all  passed  a  28-mesh  sieve  and  about  45  per 
cent  was  retained  on  a  200  sieve.  Earlier  tests  of  broken  lumps  screened 
from  cement  and  tested  shortly  after  it  was  received  at  the  Laboratory 
gave  strengths  in  concrete  about  50  per  cent  of  that  made  with  cement 
from  the  same  sacks. 


EFFECT  OF  STORAGE  OF  CEMENT 

By  Duff  A.  Abrams. 


Introduction 

The  effect  of  storage  of  Portland  cement  is  of  interest  to  the  manu¬ 
facturer,  dealer  and  user,  due  to  the  growing  practice  of  delivering 
concrete  materials  on  the  job  prior  to  the  opening  of  the  construction 
season.  The  purpose  of  this  series  of  tests  was  to  determine  the  effect 
of  different  conditions  and  periods  of  storage  on  the  concrete  and  mor¬ 
tar-making  qualities  of  Portland  cement,  and  to  study  the  effect  of  cer¬ 
tain  methods  for  protecting  cement  in  storage. 

This  report  includes  tests  on  three  different  lots  of  cement  stored 
in  sacks  under  different  conditions.  These  tests  were  started  in  Novem¬ 
ber,  1916,  and  completed  in  November,  1923.  Each  of  the  three  sam¬ 
ples  used  was  a  mixture  of  equal  parts  of  four  brands  of  Portland 
cement  purchased  from  warehouse  stocks  in  Chicago.  About  1250  6 

by  12-in.  concrete  cylinders,  and  1300  2  by  4-in.  cylinders  of  1:3  stand¬ 
ard-sand  mortar,  and  about  500  miscellaneous  tests  of  cement  were 
made. 

Another  series  of  tests  is  now  under  way,  in  a  study  of  the  effect 
of  storage  of  cement  in  bulk  in  large  quantities  and  in  wood  barrels 
and  in  cloth  sacks  under  different  conditions. 

These  investigations  are  a  part  of  the  experimental  studies  of  con¬ 
crete  and  concrete  materials  being  carried  out  through  the  cooperation 
of  Lewis  Institute  and  the  Portland  Cement  Association. 


Outline  of  Investigations 

The  results  of  tests  are  given  for  three  groups  of  samples  of  cement 
stored  for  periods  up  to  5  yr.  Cement  samples  were  stored  in  stand¬ 
ard  cotton  sacks  unless  otherwise  noted.  The  nature  of  the  investiga¬ 
tion  will  become  clear  from  the  following  outline. 

Cement  3705;  storage  began  November,  1916. 

(а)  In  Testing  Laboratory,  a  large  steam-heated  room  on  the 
ground  floor  of  Lewis  Institute;  temperature  quite  uniform;  humidity 
low  during  winter. 

(б)  In  basement  of  Lewis  Institute;  temperature  5  to  10°F.  lower 
than  (a);  humidity  higher  at  all  times  than  (a).  Cement  removed  to 
(a)  after  2  yr. 

(c)  In  shed  near  Laboratory;  no  artificial  heat.  The  sacks  were 
piled  on  the  floor  about  1  ft.  above  the  ground.  A  roof  and  thin  board 
walls  protected  the  cement  from  direct  contact  with  rain  and  snow, 
but  allowed  free  circulation  of  outside  air.  The  conditions  here  were 
similar  to  those  in  a  temporary  cement  storage  shed  in  the  field. 
Cement  removed  to  (a)  after  2  yr. 

(d)  Stored  in  sacks  in  Laboratory  2  mo.  before  mixing  and  then 
in  hulk  in  a  metal-lined  box  in  basement  1  mo.  after  mixing.  Test 
specimens  were  made  for  this  3-mo.  storage  period  only. 
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Cement  3827;  storage  began  May,  1917. 

(a)  In  Testing  Laboratory;  same  as  (a)  above. 

< b )  In  basement;  same  as  (b)  above. 

(c)  In  shed;  same  as  (c)  above;  cloth  sacks. 

(e)  “  “  “  “  “  “Jaite”  paper  sacks. 

( / )  “  “  “  “  “  “Bemis”  “ 

Cement  3965 ;  storage  began  November,  1917. 

(c)  In  shed;  same  as  (c)  above. 

(g )  “  “  “  “  hydrated  lime  between  sacks. 

\h)  “  “  “  “  “  Portland  cement  “ 

The  manufacturers  who  donated  the  paper  sacks  for  these  tests 
described  them  as  follows: 

The  Jaite  Co.,  Boston,  Ohio,  “Puncture  and  waterproof  paper 
cement  bags.” 

Bemis  Bros.  Bag  Co.,  Peoria,  Ill.,  “Rope-paper  cement  sacks.” 
Eight  to  twelve  sacks  of  cement  were  stored  for  each  condition. 

i  For  Cement  3965,  sacks  were  placed  in  a  rough  box,  in  tiers  of  4 
sacks  each.  A  layer  of  cement  or  hydrated  lime  about  y2  in.  thick  was 
sprinkled  on  the  floor  and  on  each  layer  of  sacks.  This  required  about 
1  sack  of  cement  or  lime  for  8  sacks  of  cement. 


Tests 

Tests  were  made  on  each  of  the  cements: 

(1)  When  received  (beginning  of  tests) 

”(2)  After  Storage  for  3  mo. 

(3)  “  “  “  6  “ 

(4)  “  “  “  1  yr. 

(5)  “  “  “  2  “ 

(6)  “  “  “  5  “ 

The  following  tests  were  made  on  each  of  the  cements  at  the  expira¬ 
tion  of  each  of  the  above-mentioned  storage  periods. 

Concrete. 


Mix.  1:5  by  volume, 

Compression  tests  of  6  by  12-in.  cylinders  at  ages  of  7  and 
28  days,  6  mo.,  1  and  2  yr. 

Cylinders  stored  in  damp  sand  until  test;  tested  damp. 

Mortar. 

1 : 3  standard  sand  by  weight, 

Compression  tests  of  2  by  4-in.  cylinders  at  ages  of  7  and 
28  days,  6  mo.,  1  and  2  yr. 

Cylinders  stored  in  yrater  until  test;  tested  damp. 


Miscellaneous  Tests  of  Cement. 

i  Normal  consistency, 

'|V,-:  ,  Soundness,  , . 

Fineness  (when  received  only) 

Time  of  setting, 

Temperature  changed  during  setting, 
v  Determination  of  loss  on  ignition,  moisture,  and  carbon  diox¬ 
ide. 
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Tests  of  lumps.  Tests  of  concrete  were  made  using  pulverized  ce¬ 
ment  lumps  for  the  following  conditions: 

(1)  Lumps  screened  from  cement  and  tested  in  concrete  shortly 

after  it  was  received  at  the  Laboratory.  Tested  at  ages 
of  7  days  to  2  mo.  (Details  of  tests  not  reported.) 

(2)  A  mixture  of  pulverized  lumps  and  cement,  recorded  under  2 

and  4-yr.  storage  period  for  cement  3965.  (Table  8.) 

(3)  Cement  and  pulverized  lumps  from  the  three  cements  used 

in  this  investigation,  after  storage  for  7  yr.  (Details  of 
tests  not  reported.) 

Materials  and  Test  Pieces 

Each  of  the  cements  used  in  these  tests  consisted  of  a  mixture  of 
equal  parts  of  four  brands  of  Portland  cement  purchased  from  dealers’ 
warehouses  in  Chicago.  The  cement  was  thoroughly  mixed  dry  in  a 
concrete  mixer,  one  sack  from  each  brand.  Before  making  the  tests 
the  cements  were  screened  through  a  No.  20  sieve;  and  in  general 
lumps  were  rejected.  In  certain  tests  (mentioned  above)  the  lumps 
were  broken  and  used. 

The  concrete  consisted  of  1  part  of  cement  to  5  parts  by  volume  of 
mixed  sand  and  pebbles  graded  up  to  1%  in.  Aggregate  was  from 
Elgin,  Ill.,  pit  of  the  Chicago  Gravel  Co.  In  order  that  the  grading 
might  not  vary  over  a  long  period,  the  sand  and  pebbles  were  separated 
into  8  different  sizes  and  recombined  in  definite  proportions  for  each 
batch;  see  Table  1. 

The  following  quantities  of  materials  were  used  in  each  cylinder: 


Cement  .  3.80  lb. 

Aggregate  . 27.00  “ 

Water . (980  c.  c.)  2.16  “ 


The  mixing  water  was  7  per  cent  of  the  weight  of  the  dry  mate¬ 
rials;  or  a  water-ratio  to  volume  of  cement  of  0.86.  While  the  nor¬ 
mal  consistency  of  the  cement  varied  slightly  from  time  to  time,  these 
variations  made  only  insignificant  differences  in  the  water  require¬ 
ments  of  the  concrete,  hence  were  disregarded. 

Concrete  batches  were  mixed  by  hand  in  a  shallow  pan.  The  con¬ 
crete  had  a  “relative  consistency”  of  about  1.00.  The  workability  was 
not  measured;  the  slump  and  flow  tests  were  developed  and  stand¬ 
ardized  after  this  series  was  begun;  the  exact  consistency  was  unim¬ 
portant,  so  long  as  it  was  uniform  throughout  the  series. 

Cement  tests  were  made  in  accordance  with  the  Standard  Specifi¬ 
cations  and  Tests  for  Portland  Cement  of  the  American  Society  for 
Testing  Materials.  Sufficient  mortar  was  mixed  in  a  batch  for  five 
2  by  4-in.  cylinders — one  for  test  at  each  age. 

Concrete  and  mortar  cylinders  were  molded  in  steel  forms.  They 
remained  in  the  forms  for  about  20  hr.  Concrete  was  cured  in  damp 
sand  or  in  moist  room  until  day  of  test;  mortar  specimens  in  water. 
Specimens  were  tested  damp. 

Test  Data 

Tables  1  to  3  give  miscellaneous  data  on  aggregates  and  cement, 
and  Tables  4,  6  and  8  the  strengths  of  concrete  and  mortar.  Each 
strength  value  is  the  average  of  5  tests  made  on  different  days. 
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In  Tables  5,  7  and  9  “strength-ratios”  of  the  concrete  and  mortar 
tests  in  Tables  4,  6  and  8  are  expressed  as  percentages  of  the  strengths 
of  the  cement  at  the  beginning  of  tests.  These  strength-ratios  were 
obtained  by:  (1)  platting  the  age-strength  relation  (similar  to  Fig. 
10)  for  a  given  condition  of  storage;  (2)  drawing  smooth  curves;  (3) 
tabulating  the  strengths  from  the  curves  for  the  ages  shown;  and  (4) 
reducing  these  strengths  to  percentages  of  the  strengths  for  the  cement 
at  the  beginning  of  the  tests.  It  will  be  seen  that  the  strengh-ratios 
are  not  exactly  the  same  as  would  have  been  obtained  by  direct  use  of 
the  strengths.  The  method  used  serves  to  eliminate  minor  irregu¬ 
larities  and  indicates  the  true  trend  of  the  tests. 

The  following  summaries  are  given  of  certain  groups  of  tests: 

Table  10— Summary  of  Strength  Tests  of  1:5  Concrete, 

Table  11 — Effect  of  Condition  of  Storage  of  Cement, 

Table  12 — Cloth  vs.  Paper  Cement  Sacks, 

Table  13 — Effect  of  Hydrated  Lime  and  Portland  Cement  as 
Coverings  for  Cement  Sacks. 

In  general  these  average  values  should  be  used  for  comparison 
only;  they  do  not  represent  any  specific  condition,  since  the  strength- 
ratios  were  different  for  each  storage  period  and  age  at  test. 

Fig.  1  shows  the  rainfall,  humidity  and  temperature  during  the 
time  the  cements  were  in  storage.  The  curves  show  weekly  averages 
from  the  “Monthly  Meteorological  Summary”  of  the  Weather  Bureau 
in  Chicago. 

Fig.  2  to  12  give  the  most  significant  results  of  the  tests.  Fig.  2  is 
typical  of  the  relation  between  period  of  storage  of  cement  and  strength 
of  concrete  and  mortar  using  the  average  strengths  for  the  “shed-in¬ 
yard”  storage  for  the  3  lots  of  cement;  the  same  data  expressed  as 
strength-ratios  are  platted  in  Fig.  3.  Similar  curves  may  be  drawn  for 
other  tests  in  Tables  4  to  9. 

Fig.  4,  6  and  8  show  the  relation  between  the  storage  period  of 
the  cement  and  the  strength-ratios  for  concrete.  The  strejigth-ratios 
are  shown  for  each  storage  condition,  but  only  average  curves  are 
drawn.  Similar  curves  for  compression  tests  of  1:3  standard-sand 
mortar  are  given  in  Fig.  5,  7  and  9. 

Typical  age-strength  curves  for  1:5  concrete  made  from  cement 
stored  in  shed  and  in  Testing  Laboratory  are  shown  in  Fig.  10.  Data 
from  Table  10.  Similar  curves  may  be  drawn  from  the  data  in  Tables 
4,  6  and  S.  Diagrams  of  this  type  formed  the  basis  for  calculation  of 
the  strength-ratio. 

The  relation  between  period  of  storage  and  time  of  setting  of  cement 
is  given  in  Fig.  11.  The  results  of  the  miscellaneous  chemical  tests 
are  shown  in  Fig.  12. 

Discussion  of  Tests 

The  samples  stored  in  the  Laboratory  (a)  were  under  about  the 
most  favorable  conditions  practicable  in  this  latitude,  for  cement 
stored  in  sacks.  Those  in  the  shed-in-yard  (c)  were  under  conditions 
which  would  be  considered  good  for  cement  stored  in  cloth  sacks  on 
construction  work.  The  basement  storage  (b)  was  intermediate  be¬ 
tween  (a)  and  (c)  so  far  as  humidity  was  concerned.  The  use  of 
paper  sacks  and  coverings  of  cement  or  hydrated  lime  were  varia¬ 
tions  of  the  shed  storage. 

In  the  following  discussions  the  strength  of  the  cement  after  stor- 
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age  is  expressed  in  terms  of  the  strength-ratio,  or  the  percentages  of 
the  strength  of  the  cement  at  a  given  age  and  for  a  given  condition 
of  storage  as  compared  with  its  strength  when  received.  The  aver¬ 
age  normal  strengths  of  the  cement  in  1:5  concrete  of  a  relative  con¬ 
sistency  of  1.00,  used  for  purposes  of  comparison,  are  shown  in  Fig.  2 
and  10  and  Table  10.  The  compressive  strengths  of  6  by  12-in.  con¬ 
crete  cylinders,  cured  in  damp  sand  until  test  was  1470  lbs.  per  sq.  in. 
at  7  days;  3020  at  28  days;  4410  at  6  mo.;  4680  at  1  yr.;  4910  at  2  yr.; 
and  6030  at  5  yr.  The  increase  in  strength  of  concrete  with  age  shown 
by  these  tests  is  approximately  proportional  to  the  logarithm  of  the 
age  and  is  characteristic  of  concrete  cured  in  a  damp  place. 

It  is  of  the  utmost  importance  to  distinguish  between  the  period 
of  cement  storage  and  the  age  at  test  of  concrete  and  mortar. 

There,  was  no  essential  discrepancy  between  the  indications  of  the 
compression  tests  of  1:5  concrete  in  the  form  of  6  by  12-in.  cylinders 
and  the  tests  of  1:3  standard  sand  mortar  in  2  by  4-in.  cylinders. 

The  compression  tests  of  concrete  and  mortar  showed  a  progressive 
deterioration  in  strength  of  the  cement  with  continued  storage.  The 
effect  of  storing  cements  under  different  conditions  for  periods  up  to 
4%  yr.  is  given  in  Tables  10  and  11.  The  strength-ratios  in  Table  10 
are  the  average  for  the  different  storage  conditions  in  Tables  5,  7  and 
9.  Table  11  gives  the  averages  for  all  ages  at  test. 

The  loss  in  strength  was  greatest  for  the  cements  stored  in  the 
shed,  and  least  for  those  stored  in  the  Laboratory.  The  basement 
storage  was  almost  as  severe  as  outdoors. 

Cement  stored  in  shed  (c)  gave  an  average  strength-ratio  for  the 
ages  at  which  the  tests  were  made  of  80  per  cent  after  3  mo.  storage; 
72  per  cent  after  6  mo.;  60  per  cent  after  1  yr. ;  46  per  cent  after  2  yr. ; 
and  45  per  cent  after  4 y2  yr. ;  other  storage  conditions  showed  a  sim¬ 
ilar  relation  with  time  of  storage. 

In  general  cement  could  be  stored  twice  as  long  in  the  Laboratory 
as  in  shed  for  the  same  reductions  in  strength.  The  condition  of  stor¬ 
age  in  the  basement  was  only  slightly  better  than  that  in  the  shed. 
Deterioration  was  probably  greater  in  these  tests  than  would  be  found 
in  a  large  lot  of  cement  stored  under  similar  conditions. 

Another  series  of  tests  not  included  in  this  report,  for  which  cement 
was  received  from  a  mill  in  Eastern  Pennsylvania  within  a  few  days 
after  grinding,  showed  increases  in  concrete  and  mortar  strengths  for 
periods  of  storage  up  to  about  4  mo.,  particularly  for  the  earlier  ages 
at  test;  after  4-mo.  storage  there  was  a  decrease  in  strength. 

The  later  tests  do  not  conflict  with  the  data  in  this  Bulletin,  since 
there  was  a  difference  in  the  “zero”  storage  period  for  the  cements  in 
the  two  investigations.  In  the  earlier  series  the  cement  was  probably 
2  to  4  mo.  old  before  the  first  tests  were  made,  hence  if  an  increase  in 
strength  had  occurred,  the  tests  would  not  have  shown  it. 

In  the  above-mentioned  tests  on  bin-stored  cements,  parallel  tests 
have  been  made  on  the  same  cement  stored  up  to  1  y2  yr.  under  the 
following  conditions: 


(1)  In  cloth  sacks  outdoors  under  tarpaulin  in  Eastern 
vania, 


(2) 

(3) 

(4) 

(5) 


At  Lewis  Institute  in  wood  barrels  in  shed, 

“  cloth  sacks  in  shed, 

“  cloth  sacks  in  basement, 
“  air  tight  cans. 


Pennsyl- 


8 


Structural  Materials  Research  Laboratory 


The  strength  of  the  cement  from  the  mill  bin  and  from  air-tight 
cans  had  not  in  general  decreased  below  that  obtained  at  the  beginning 
of  the  tests.  The  cement  stored  in  wood  barrels  up  to  9  mo.  gave  only 
slightly  lower  strengths  than  that  from  the  mill  bin.  After  1  and  IY2- 
yr.  storage  the  strength  of  the  cement  in  barrels  was  about  90  per  cent 
of  that  from  the  mill  bin.  Cement  stored  for  1  and  1%  yr.  in  sacks 
in  the  same  shed  as  the  barrels  gave  strengths  about  75  per  cent  of 
those  for  the  barrels  and  68  per  cent  of  those  for  the  bin  storage. 
Approximately  the  same  results  were  obtained  for  the  cement  stored 
in  sacks  in  the  basement  of  the  Laboratory,  in  the  shed,  and  outdoors 
under  tarpaulin.  These  tests  are  being  continued  for  longer  periods 
of  storage. 

The  effect  of  storage  of  cement  on  the  strength  of  concrete  and  mor¬ 
tar  is  largely  a  question  of  the  age  of  the  specimens  at  test.  The  loss 
in  strength  due  to  storage  became  less  apparent  as  the  age  of  the  con¬ 
crete  or  mortar  increased. 

Fig.  2  and  3  and  Table  10  show  at  different  ages  of  test  the  effect 
of  storing  cement  in  shed.  The  average  strength  of  1:5  concrete  made 
from  cement  stored  for  6  mo.,  as  shown  in  Table  10,  was  66  per  cent 
of  the  original  strength  for  the  7-day  tests,  69  per  cent  at  28  days,  and 
76  per  cent  at  6  mo.  Beyond  6  mo.  there  was  little  change  in  the 
strength-ratios. 

The  same  tendency  is  shown  even  after  storing  the  cement  up  to  5 
yr.  Cements  3705  and  3827  stored  in  the  Laboratory  4 y2  and  5  yr.  gave 
strength-ratios  of  43  per  cent,  53  per  cent,  62  per  cent,  61  per  cent  and 
61  per  cent  when  tested  in  concrete  at  ages  of  7  days  to  2  yr. 

It  is  of  utmost  importance  that  the  strength  of  cement  was  not 
permanently  reduced  as  shown  by  the  early  tests. 

There  was  no  marked  difference  in  the  quality  of  cement  stored  in 
cloth  or  in  paper  sacks  up  to  \y2  yr.  The  2  brands  of  paper  sacks  gave 
almost  identical  results,  as  shown  in  Table  12.  The  average  strength- 
ratio  of  cement  stored  in  cloth  sacks  for  all  test  ages  was  54  per  cent; 
for  “Jaite”  paper  sacks  57  per  cent;  and  for  “Bemis”  paper  sacks  55 
per  cent. 

The  tests  on  the  use  of  Portland  cement  and  hydrated  lime  as  cov¬ 
erings  for  cloth  sacks  showed  only  a  slight  advantage  for  this  form  of 
protection.  The  average  of  the  concrete  and  mortar  cylinders  tested 
up  to  2  yr.  of  age  are  given  in  Table  13.  The  average  strength-ratio 
of  cement  stored  in  cloth  sacks  uncovered  (for  periods  of  3  mo.  to  4 
yr.),  was  61  per  cent;  for  sacks  covered  with  hydrated  lime,  67  per 
cent;  and  for  sacks  covered  with  Portland  cement,  65  per  cent.  There 
seems  to  be  little  room  for  choice  between  cement  and  lime  for  this  pur¬ 
pose.  The  small  benefit  obtained  by  these  methods  of  protection  does 
not  justify  the  cost. 

The  storage  period  of  the  cement  and  the  age  at  test  of  the  concrete 
or  mortar  appear  to  be  of  greater  importance  than  the  exact  condition 
of  storage,  so  long  as  the  cement  is  protected  from  direct  contact  with 
moisture. 

The  normal  consistency  of  the  cement,  as  determined  by  the  Yicat 
needle,  was  only  slightly  affected  by  storage.  For  cements  stored  1 
and  2  yr.  the  normal  consistency  was  in  some  instances  increased  from 
about  23  to  24  or  25  per  cent  and  in  one  instance  at  4 y2  yr.  to  28.5  per 
cent. 
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Storage  of  cement  had  the  effect  of  increasing  both  the  initial  and 
final  time  of  setting  50  to  100  per  cent  up  to  the  2-yr.  storage.  After 
5-yr.  storage,  however,  the  time  of  setting  had  decreased  to  about  the 
value  when  received.  See  Fig.  11. 

In  the  standard  test  for  soundness  (over  boiling  water)  all  cements 
were  sound  at  all  storage  periods  covered  by  these  tests. 

The  deterioration  of  cement  in  storage  appears  to  be  due  to  the 
absorption  of  atmospheric  moisture,  causing  partial  hydration  which 
exhibits  itself  in  reducing  the  strength  of  the  concrete.  The  principal 
reason  for  the  greater  reduction  in  strength  due  to  storage  in  the 
shed  than  in  the  Laboratory  was  undoubtedly  due  to  the  higher  mois¬ 
ture  content  of  the  air.  This  conclusion  is  substantiated  by  a  compari¬ 
son  of  the  chemical  analyses  of  Cement  3965  in  Table  3  and  the  result 
of  the  strength  tests  of  this  cement  at  the  2  and  4-yr.  storage  periods. 
(See  Table  8.)  This  cement  was  stored  in  the  shed  for  2  yr.  and  there¬ 
after  in  the  Laboratory.  The  average  moisture  content  of  the  3  lots 
after  4-yr.  storage  was  0.67  per  cent  as  compared  with  1.37  per  cent  at 
2  yr.  and  shows  that  the  cement  gave  up  moisture  after  removal  to 
the  Laboratory.  Table  8  shows  little  decrease  and  in  many  instances 
an  increase  in  strength  at  4  yr.  as  compared  with  2  yr. 

The  average  relative  humidity  in  Chicago  is  about  70  per  cent; 
this  represents  the  condition  for  the  shed  storage.  The  humidities  in 
the  Laboratory  and  basement  were  about  25  and  40  per  cent,  respec¬ 
tively,  in  the  winter,  and  about  55  and  70  per  cent  in  the  summer. 


Lumps  in  Stoked  Cement 

The  exact  method  of  dealing  with  lumps  in  stored  cements  was  a 
complicating  feature  of  the  tests.  In  the  earlier  samples  all  lumps 
coarser  than  No.  20  sieve  were  rejected  before  the  cements  were  tested. 
No  lumps,  or  only  soft  and  readily-broken  lumps,  were  found  in  the 
cements  which  had  been  stored  less  than  1  yr.  Cement  3705  placed  in 
the  shed  in  the  fall  showed  about  8  per  cent  of  lumps  coarser  than  the 
No.  20  sieve  after  1  and  2-yr.  storage. 

Cement  3965  stored  in  shed  in  the  fall  gave  about  12  per  cent  of 
lumps  after  storage  of  1  yr.  and  30  to  75  per  cent  of  lumps  after  2  yr. 
The  lumps  after  2-yr.  storage  period  were  broken  on  the  concrete  floor 
with  a  metal  tamper,  mixed  with  the  cement,  and  used  in  the  concrete. 
The  tests  in  Table  8  show  that  even  in  this  condition  the  cement  had 
considerable  strength. 

Another  group  of  concrete  tests  (not  reported  in  detail)  in  which 
lumps  screened  from  Cement  3965  at  the  time  it  was  placed  in  storage 
were  used,  showed  a  strength  when  tested  in  concrete  at  7  days  of  43 
per  cent  of  the  cement  -from  the  same  lot;  51  per  cent- at  28  days;  and 
57  per  cent  at  2  mo.  These  values  are  approximately  the  same  as  ob¬ 
tained  for  the  2-yr.  storage  of  Cement  3965,  which  contained  large 
quantities  of  lumps. 

Another  group  of  tests  was  carried  out  on  cement  and  pulverized 
lumps  after  7-yr.  storage  of  the  3  lots  of  cement"  used  in  this  investi¬ 
gation.  The  average  fineness  of  the  cement  was  about  22  per  cent  on 
the  200-mesh  sieve.  Lumps  from  the  cement  collected  during  the  ma¬ 
jor  investigation  were  pulverized  on  a  concrete  floor  by  means  of  a 
metal  tamper  and  roller  to  such  a  fineness  that  all  passed  the  28-mesh 
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sieve  and  about  45  per  cent  remained  on  the  200-mesh  sieve.  The 
principal  results  were  as  follows: 

(1)  The  lumps  had  strengths  in  concrete  and  mortar  at  7  days 
about  35  per  cent  of  the  cement  from  the  same  sacks;  the  cement 
had  only  about  30  per  cent  of  its  original  strength. 

(2)  The  time  of  setting  of  both  the  cement  and  pulverized 
cement  lumps  was  less  than  for  the  cement  at  5  yr.  and  was  30  to 
50  per  cent  of  the  normal  time  of  setting.  One  sample  of  lumps 
which  had  set  in  an  unusually  hard  mass,  after  being  pulverized, 
showed  a  final  time  of  setting  of  less  than  1  hr. 

A  group  of  tests  on  a  small  sample  of  Portland  cement  which  had 
been  stored  in  the  mountains  of  Northern  Mexico  for  12  yr.  are  of 
interest  in  this  connection.  In  1:5  concrete  this  cement  gave  the  fol¬ 
lowing  compressive  strengths: 

7  days —  340  lb.  per  sq.  in. 

28  “  —  940  “  “  “  “ 

3  mo.  — 1700  “  “  “  “ 

Storage  of  Cement  on  the  Work 

Cement  in  temporary  storage  houses  should  be  piled  1  ft.  or  more 
from  the  ground  and  exterior  walls  to  prevent  contact  with  moisture. 

The  following  extracts  from  recent  State  Highway  Specifications 
covering  concrete  road  construction  show  current  practice  in  storing 
cement  on  the  job: 

“The  cement  shall  be  stored  in  such  a  manner  as  to  permit  easy 
access  for  suitable  inspection  and  identification  of  each  shipment, 
and  in  a  suitable  weather-tight  building  which  will  protect  the 
cement  from  dampness.  When  permission  is  given  to  store  in  the 
open,  a  platform  and  ample  water-proof  covering  shall  be  provided 
.  as  directed.”  (Pennsylvania,  1922.) 

“Cement  stored  by  the  contractor  for  longer  than  2  months 
must  be  held  for  retest.  If  the  cement  has  lost  strength  during 
the  period  of  storage,  as  shown  by  the  tests  of  this  department, 
sufficient  additional  cement  must  be  added  *  *  *  to  overcome 

such  loss.”  (Washington,  1922.) 

“It  is  understood  and  agreed  that  the  Contractor  shall  store, 
prior  to  July  1,  1923,  at  his  entire  expense  and  in  a  manner  satis¬ 
factory  to  the  Chief  Highway  Engineer,  not  less  than  thirty-three 
and  one-third  (33%)  per  cent  of  the  total  amount  of  cement  needed 
to  complete  this  section.”  (Illinois,  1923.) 

Bulk  Cement 

The  practice  of  shipping  cement  in  bulk  is  becoming  more  common. 
Bulk  cement  offers  many  advantages  on  work  where  the  conditions 
are  suitable. 

The  tests  of  bin-stored  cements  now  under  way  in  this  Laboratory 
show  that  practically  no  deterioration  in  strength  had  occurred  up  to 
1%-yr.  storage  in  mill  bin,  whereas  tests  of  the  same  cement  stored  in 
shed  and  in  basement  gave  strength-ratios  of  about  70  per  cent  after 
the  same  period  of  storage. 
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Concluding  Remarks 

The  cements  used  in  this  investigation  were  purchased  in  the  open 
market  and  had  probably  been  in  the  dealers’  warehouse  2  to  4  mo. 
before  the  first  tests  were  made.  They  were  similar  to  the  cements 
being  used  daily  in  construction  work  in  this  district.  The  deteriora¬ 
tion  shown  by  these  tests  was  probably  greater  than  would  be  found 
in  a  larger  lot  of  cement  stored  in  sacks  under  similar  conditions. 

It  must  be  recognized  that  many  difficulties  are  encountered  in 
carrying  out  an  investigation  of  this  kind.  It  is  impossible  to  dupli¬ 
cate  storage  conditions  from  time  to  time,  since  much  depends  on  the 
weather.  Maximum  variations  must  be  expected  in  the  results  of 
tests  made  on  small  lots  of  cement  and  extending  over  a  long  period 
of  time.  The  presence  of  lumps  in  the  cement  is  a  disturbing  factor. 

The  further  investigations  now  under  way  on  bin-stored  cements 
will  form  the  subject-matter  of  a  subsequent  report. 


Table  1. — Sieve  Analysis  of  Aggregate. 


The  sand  and  pebbles  were  screened  into  8  different  sizes  and  recombined  for  each  concrete  cylinder  to 
conform  to  the  sieve  analysis  given  below. 

rm  ?,?revc?smwf e  £  m(;shA  woven-wire  from  the  “Tyler  Standard  Screen  Scale”,  manufactured  by 

The  W.  S.  Tyler  Co.,  Cleveland,  0. 

Weight  of  aggregate,  135  lb.  per  cu.  ft. 


Sieve  No. 
or 

Size 

Size  of 

Square  Opening 
inches 

Amounts  Coarser  than 
each  Sieve 

Percent  of  Weight 

100 

.0058 

94 

48 

.0110 

91 

28 

.023 

87 

14 

.040 

81 

8 

093 

73 

4 

.185 

62 

Vs  m. 

.37 

46 

H  m. 

.75 

23 

1J^  in. 

1.5 

0 

Fineness  Modulus  (m)* . 5  57 


*Tke  "lineness  modulus”  (m)  of  an  aggregate  is  the  sum  of  the  percentages  in  the  sieve  analysis,  divided 
by  100.  For  further  details  see  “Design  of  Concrete  Mixtures,”  Bulletin  1,  Structural  Materials  Research 
Laboratory. 
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Table  2. — Time  of  Setting  of  Cements. 


Fineness  tests  of  cement  as  received  gave  the  following  residues  on  200-mesh  sieve:  3705,  20.5  per  cent; 
3827,  17.4  per  cent;  3965,  18.8  per  cent. 


Storage 

Normal 

Consist¬ 

ency 

Time  of  Setting 

Temperature 

Sound¬ 

ness 

test 

(over 

boiling 

water) 

Vicat  Needle 

Gillmore  Needle 

First  Max. 

Second  Max. 

Place  Time 

Initial 

Final 

Initial 

Final 

Time 

Temp. 

Time 

Temp. 

h.  m. 

h.  m. 

h.  m. 

h.  m. 

h.  m. 

°C. 

h.  m. 

°C. 

Cement  3705;  Storage  Began  November,  1916 


Begin 

23.0 

4  25 

8  05 

5  10 

8  45 

— 

— 

— 

— 

OK 

(a)  Testing  lab.  3  mo. 

23.5 

6  10 

9  35 

7  25 

10  45 

0  30 

31  5 

6  45 

41.2 

OK 

(cloth  sacks)  6  “ 

23.5 

5  00 

10  00 

7  00 

11  30 

0  20 

34  5 

6  00 

43.1 

OK 

1  yr. 

24.0 

5  45 

14  10 

9  00 

14  10 

0  30 

31.0 

5  30 

42.1 

OK 

2  “ 

23.5 

6  20 

12  10 

6  55 

12  40 

— 

— 

— 

— 

OK 

5  “ 

23.5 

2  45 

8  40 

4  00 

12  20 

— 

- - 

— 

— 

OK 

3  mo. 

23.5 

6  00 

10  15 

6  55 

10  35 

0  40 

31.3 

6  55 

41.8 

OK 

(b)  Basement  6  “ 

23.5 

5.45 

11  00 

7.35 

11  30 

0  30 

33.7 

6  10 

43.0 

OK 

(cloth  sacks)  1  yr. 

24.0 

5  15 

14  20 

9  00 

14  25 

0  45 

31.0 

4  50 

40.3 

OK 

2  “ 

23.5 

6  35 

13  30 

7  05 

14  00 

— 

— 

— 

— 

OK 

5  “ 

23.5 

2  45 

9  20 

3  55 

12  30 

— 

— 

— 

— 

OK 

3  mo. 

23.5 

5  40 

10  05 

6  10 

10  50 

— 

— 

6  40 

42.0 

OK 

(c)  Shed  in  yard  6  “ 

23.5 

5  45 

11  00 

8  00 

11  45 

0  40 

33.0 

6  20 

41.5 

OK 

(cloth  sacks)  1  yr. 

24.5 

8  00 

15  00 

9  45 

15  00 

— 

— 

5  30 

40.4 

OK 

2  “ 

24.0 

6  55 

10  40 

7  20 

11  40 

— 

— 

— 

— 

OK 

5  “ 

26.5 

3  55 

9  05 

6  30 

9  1.5 

— 

— 

— 

— 

OK 

(d*)  3  mo. 

23.0 

8  00 

9  00 

6  30 

9  45 

— 

— 

— 

— 

OK 

Cement  3827 

Storage  Began  May,  1917 

Begin 

23.0 

4  30 

8  15 

5  30 

9  00 

0  15 

37.0 

7  10 

37.0 

OK 

(a)  Testing  Lab.  3  mo. 

23.0 

3  15 

7  00 

5  30 

8  00 

0  25 

35.0 

4  50 

36.1 

OK 

(cloth  sacks)  0  “ 

24.0 

5  20 

12  55 

8  30 

13  00 

0  40 

31.8 

4  30 

42.4 

OK 

18  “ 

23.0 

5  25 

11  50 

6  10 

12  30 

— 

— 

— 

— 

OK 

4 Vi  yr. 

24.0 

3  20 

4  05 

3  35 

4  35 

— 

— 

— 

— 

OK 

(b)  Basement  3  mo. 

24.0 

3  40 

7  00 

5  30 

8  15 

0  25 

32.4 

4  40 

36.8 

OK 

6  “ 

24.6 

5  05 

12  20 

8  45 

13  10 

1  00 

32.0 

4  20 

41.4 

OK 

18  “ 

23.0 

5  35 

11  50 

6  20 

12  35 

— 

— 

— 

— 

OK 

4V£  yr 

25.5 

3  50 

4  55 

5  00 

5  50 

— 

— 

— 

— 

OK 

(c)  Shed  in  yard  3  mo. 

23.0 

3  30 

7  30 

5  30 

8  00 

0  25 

32.4 

5.10 

37.5 

OK 

6  “ 

24.4 

5  30 

12  45 

8  45 

12  50 

0  50 

32.3 

4  00 

42.6 

OK 

18  “ 

23.5 

5  45 

11  25 

6  25 

12  10 

— 

— 

— 

— 

OK 

4 Vi  yr. 

28.0 

3  40 

5  20 

4  30 

6  55 

— 

— 

— 

— 

OK 

(e)  Shed  in  yard  3  mo. 

23.0 

3  30 

7  30 

5  30 

8  00 

0  25 

31.8 

5  10 

37.0 

OK 

(“Jaite”  6  “ 

24.0 

5  55 

12  10 

8  45 

13  00 

0  40 

32.0 

4  00 

42.5 

OK 

paper  sacks)  18  “ 

23.0 

5  30 

11  20 

6  25 

12  20 

— 

— 

— 

— 

OK 

iYi  yr. 

28.0 

4  30 

7  00 

6  30 

7  00 

— 

— 

— 

— 

OK 

(f)  Shed  in  yard  3  mo. 

23.0 

3  15 

7  15 

5  30 

8  15 

0  30 

32.2 

5  00 

36.6 

OK 

(Bemis  paper  6  “ 

24.6 

6  10 

13  00 

8  45 

13  00 

0  40 

31  9 

4  00 

42.0 

OK 

sacks)  18  “ 

23.5 

5  20 

11  40 

6  35 

12  10 

— 

— 

— 

— 

OK 

iVi  yr. 

28.5 

3  10 

4  30 

3  40 

4  55 

— 

— 

— 

— 

OK 

Cement  3965;  Storage  Began  November,  1917 


Begin 

23.0 

3 

40 

7 

40 

5 

15 

8 

30 

0 

20 

30.0 

5 

30 

30.0 

OK 

(c) 

Shed  in  yard 

3 

mo. 

24.0 

4 

20 

9 

30 

5 

20 

10 

15 

0 

45 

32.2 

5 

55 

40.0 

OK 

(cloth  sacks) 

6 

“ 

24.0 

5 

00 

12 

30 

7 

45 

13 

00 

0 

30 

31.8 

4 

45 

41.6 

OK 

1 

yr. 

24.0 

5 

30 

9 

35 

6 

10 

10 

15 

— 

5 

20 

44.5 

OK 

2 

25.5 

9 

20 

13 

50 

10 

30 

14 

30 

— 

5 

35 

42.0 

OK 

4 

“ 

25  5 

3 

10 

7 

00 

4 

55 

7 

40 

— 

— 

OK 

(g) 

Shed  in  yard 

3 

mo. 

24.0 

4 

15 

9 

30 

5 

45 

10 

20 

0 

25 

34.2 

5 

40 

40.0 

OK 

(Lime  be- 

6 

“ 

24.0 

5 

15 

12 

30 

7 

45 

13 

00 

0 

20 

30.7 

4 

50 

41.2 

OK 

tween  sacks) 

1. 

yr. 

24.0 

5 

25 

9 

35 

5 

05 

10 

15 

0 

50 

31.5 

4 

55 

43.9 

OK 

2 

25.0 

9 

05 

14 

30 

10 

45 

14 

40 

— 

7 

40 

38.0 

OK 

4 

“ 

25.0 

2 

55 

6 

50 

4 

25 

8 

50 

— 

— 

OK 

(h) 

Shed  in  yard 

3 

mo. 

24.0 

4 

00 

9 

30 

5 

50 

10 

20 

0 

35 

33.2 

5 

35 

41.6 

OK 

(Cement  be- 

6 

“ 

23.5 

5 

00 

12 

30 

7 

00 

11 

45 

0 

55 

31.4 

4 

55 

41.2 

OK 

tween  sacks) 

1 

yr. 

23.6 

5 

20 

9 

25 

5 

10 

9 

10 

— 

4 

55 

43.0 

OK 

2 

25.0 

9 

10 

14 

25 

11 

00 

14 

25 

— 

6 

45 

39.5 

OK 

4 

25.0 

3 

05 

7 

20 

5 

05 

7 

25 

— 

— 

OK 

*  In  cloth  sacks  in  Laboratory,  2  mo.;  in  bulk  in  metal-lined  box  1  mo. 
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Table  3— Certain  Chemical  Properties  of  Cement  3965. 

Each  value  is  the  average  of  2  tests  on  different  samples. 


Storage  of  Cement 

C02 

Per  cent 

Moisture* 
Per  cent 

Loss  on 
Ignition 

Per  cent 

Beginning  of  Tests- 

-Novel 

nber,  1917 

. 

.74 

.27 

1.69 

Cement  Stored  1  Year 


(c)  Shed  in  yard  (cloth  sacks) . 

(g)  Shed  in  yard  (hydrated  lime  between  sacks) 

(h)  Shed  in  yard  (cement  between  sacks) . 


2.02 

.61 

1.49 

.44 

1.80 

.65 

Cement  Stored  2  Years 


(c) 

(g) 

(h) 

Same  as  above 

4.46 

3.10 

3.04 

1.25 

1.39 

1.47 

6.67 

5.62 

5.29 

Cement  Stored  4  Years** 

(c) 

4.55 

.80 

6  56 

(g)  . 

Same  as  above 

4.33 

.62 

5.97 

(h) 

4.36 

.59 

5.76 

*  After  heating  for  4  hr.  at  a  temperature  of  from  100  to  110°C. 
**  All  samples  removed  to  Laboratory  after  2-yr.  storage. 
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Table  4. — Compressive  Strength  of  Concrete  and  Mortar. 

Cement,  a  mixture  of  4  brands  purchased  in  Chicago  market 

Cements  had  probably  been  in  storage  in  dealers’  warehouses  2  to  4  mo.  before  tests  were  begun. 
Aggregate  used  in  concrete,  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-lM>  in.  (m  =5.57). 

Concrete  was  mixed  with  7.0  per  cent  and  standard-sand  mortar  with  10.3  per  cent  of  water,  by  weight 
of  dry  materials  in  the  batch.  (Water-ratios  0.86  and  0.62  for  concrete  and  mortar,  respectively.) 

Concrete  cylinders  stored  in  damp  sand;  mortar  cylinders  in  water. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 


Cement  3705;  Storage  Began  Nov.,  1916 


Cement  Stored  in 

Cloth  Sacks  in 

Compressive  Strength— lb.  per  sq.  in. 
after  Storing  Cement  for  Periods  Shown 

1 :5  Concrete 

1:3  Standard-Sand  Mortar 

Begin 

3  mo. 

6  mo.|  1  yr.  j  2  yr. 

5  yr. 

Begin 

3  mo. 

6  mo. 

1  yr. 

2  yr. 

5  yr. 

7-Day  Tests 


1500 

1330 

1310 

900 

580 

650 

2080 

1800 

1640 

1200 

920 

660 

(b)  Basement . 

(c)  Shed  in  yard . 

(d)  Laboratory  in  sacks 

2  mo.;  in  metal-lined 

— 

1260 

1260 

810 

430 

690* 

— 

1670 

1750 

960 

790 

630* 

1200 

\ 

1140 

710 

270 

350* 

1750 

1520 

800 

530 

380* 

box  1  mo . 

“ 

1250 

1630 

28-Day  Tests 


(a) 

(b)  Same  as  above 

(c) 

(d) 

2940 

2620 

2520 

2240 

2830 

2550 

2520 

2300 

1860 

1720 

1470 

1540 

1000 

600 

1560 

1700* 

1030* 

3800 

2690 

2930 

2470 

2880 

3040 

2840 

2750 

1990 

2030 

1600 

1580 

1590 

1000 

1790 

1590* 

980* 

6-Month  Tests 

(a) 

(b) 

(c)  Same  as  above 

(d) 

4450 

4420 

4370 

4110 

4620 

4030 

3850 

3640 

3680 

3150 

3040 

2460 

1460 

950 

2740 

2690* 

5130 

3880 

4340 

4210 

4590 

4480 

4200 

4170 

3520 

2900 

2520 

2980 

2910 

1690 

2670 

2840* 

1560* 

1-Year  Tests 

(a) 

(b)  Same  as  above 

(c) 

(d) 

4930 

4370 

4510 

4290 

4940 

4190 

3820 

3720 

3250 

3190 

3120 

3150 

2280 

2160 

2860 

2950* 

5060 

4220 

4540 

4420 

4280 

4540 

4290 

4500 

3830 

3460 

2430 

3370 

3040 

1900 

2890 

2980* 

1380* 

2-Year  Tests 

(a) 

(b)  Same  as  above 

(c) 

(d) 

4610 

4900 

4580 

4410 

5250 

4340 

4250 

3760 

4190 

4270 

3990 

4010 

2320 

1650 

3450 

3090* 

5130 

4300 

3650 

3970 

4070 

4210 

4100 

4490 

3550 

3820 

2800 

3710 

3600 

2880 

3190 

2700* 

1510* 

5-Year  Tests 

(d)  Same  as  above 

6240 

6410 

- 

- 

- 

- 

5430 

3960 

- 

- 

- 

- 

‘Removed  to  Testing  Laboratory  after  2-yr.  storage. 
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Table  5. — Strength-Ratios  From  Table  4. 


The  strength-ratio  is  the  strength  for  each  condition  expressed  as  a  percentage  of  the  strength  of  cement 
at  beginning  of  tests.  The  relation  between  age  and  strength  of  concrete  was  platted  for  different  conditions 
Smooth  curves  were  drawn  through  these  points.  The  strengths  at  the  ages  shown  were  then  taken  from 
These  strengths  when  reduced  to  percentages  of  the  strength  of  the  cement  at  the  beginning  of 
the  tests,  iurnish  the  strength-ratios.  By  this  method  minor  irregularities  are  eliminated  and  the  true  trend 
of  the  values  indicated.  Typical  curves  of  this  kind  are  shown  in  Fig.  10. 


Cement  3705;  Storage  Began  Nov.,  1916 


Strength-Ratios  after  Storing  Cement  for  Periods  Shown 


cement  stored  in 

Cloth  Sacks  in 

1:5  Concrete 

1:3  Standard  Sand  Mortar 

Begin 

3  mo. 

6  mo. 

1  yr. 

2  yr. 

5  yr. 

Begin 

3  mo. 

6  mo. 

1  yr. 

2  yr. 

5  yr. 

7-Day  Tests 


(a)  Testing  Laboratory .... 

100 

89 

87 

60 

39 

43 

100 

86 

79 

58 

44 

(b)  Basement . 

— 

84 

84 

54 

29 

46‘ 

80 

76 

46 

38 

(c)  Shed  in  yard . 

— 

SO 

70 

47 

18 

23* 

_ _ 

73 

73 

38 

id)  Laboratory,  in  sacks 

2  mo.;  in  metal-lined 

box  lmo . 

83 

— 

— 

— 

— 

78 

— 

- 

— 

— 

28-Day  Tests 


(a) 

Same  as  above 

100 

89 

87 

69 

52 

53 

100 

71 

80 

59 

47 

(b) 

— 

94 

86 

63 

34 

56* 

77 

75 

48 

42 

42* 

(c) 

(d) 

— 

86 

96 

78 

58 

24 

35* 

- 

72 

76 

72 

42 

26 

26* 

1-Year  Tests 


100 

92 

79 

72 

60 

61 

100 

83 

89 

74 

72 

— 

83J 

77 

64 

42 

56* 

— 

89 

87 

74 

70 

— 

80 

68 

62 

32 

— 

— 

87 

89 

54 

48 

_ 

100 

f; 

“ 

83 

— 

— 

5- Year  Tests 

(d)  Same  as  above 

100 

98 

- 

- 

- 

- 

100 

79 

- 

- 

- 

- 

‘Cement  removed  to  Testing  Laboratory  after  2-yr.  storage. 
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Table  6— Compressive  Strength  of  Concrete  and  Mortar. 


Cement  3827;  Storage  Began  May,  1917 


See  notes  preceding  Table  4. 


Cement  Stored  in 

Cloth  Sacks  in 

Compressive  Strength — lb.  per  sq.  in. 
after  Storing  Cement  for  Periods  Shown 

1:5  Concrete 

1: 

3  Stand 

ard  San 

d  Mort 

IT 

Begin 

3  mo. 

6  mo. 

l^yr- 

4^4  yr. 

Begin 

3  mo. 

6  mo. 

lpSyr. 

4p2  yr. 

7-Day  Tests 

(a)  Testing  Laboratory . 

(b)  Basement . 

(c)  Shed  in  yard . 

(e)  Shed  in  yard,  “Jaite’  paper 

(f)  Shed  in  yard,  “Bemis" 

paper  sacks . 

1640 

1220 

1050 

1090 

1140 

1200 

1000 

990 

940 

970 

900 

770 

610 

690 

720 

720 

760* 

330* 

340* 

330* 

2090 

1540 

1190 

1360 

1530 

1360 

1520 

1440 

1320 

1310 

1520 

960 

840 

940 

1090 

1010 

650 

690* 

310* 

390* 

430* 

28-Day  Tests 


(a) 

(b) 

(c)  Same  as  above 

(e) 

(f) 

3560 

2500 

2070 

2080 

2280 

2300 

1920 

1880 

1890 

1930 

1840 

1730 

1450 

1380 

1490 

1490 

1740* 

1150* 

930* 

820* 

3620 

2680 

2570 

2630 

2710 

2530 

2290 

2220 

2190 

2540 

2320 

1590 

1670 

1740 

1830 

1610 

1670 

1620* 

860* 

930* 

970* 

6-Month  Tests 

(a) 

(b)  Q  K 

(c)  Same  as  above 

(e) 

(f) 

5040 

3710 

2970 

3240 

3490 

3320 

3850 

3850 

3690 

3500 

3520 

3050 

2430 

2460 

2760 

2130 

2690* 

1900* 

1580* 

1490* 

w 

5810 

4170 

3510 

4050 

3920 

3880 

4210 

4280 

4070 

4340 

3980 

3050 

2790 

2670 

2610 

2710 

2880 

2690* 

1410* 

1860* 

1940* 

1-Year  Tests 

(a) 

(b) 

(c)  Same  as  above 

(e) 

(f) 

5390 

3530 

3920 

3920 

4100 

3710 

3920 

3610 

3220 

3460 

2940 

3630 

3120 

3000 

3110 

3440 

1830* 

1750* 

5370 

4160 

3820 

4140 

4230 

3800 

4030 

3480 

3730 

3480 

3980 

3480 

2970 

3340 

3190 

3500 

2000 

2590* 

1320* 

1840* 

1890* 

2-Year  Tests 


(a) 

(b) 

(c)  Same  as  above 

(e) 

(f) 

5150 

4640 

4220 

3950 

4570 

4580 

4860 

4170 

4120 

44701 

4170 

4340 

3360 

3270 

3540 

3380 

- 

5020 

4040 

3940 

3730 

4100 

4190 

4500 

4410 

4400 

4330 

4720 

3460 

3110 

3260 

3640 

3460 

3590 

2870* 

1710* 

1700* 

2100* 

5-Year  Tests 

;  :  '  ‘  : 

6400 

- 

- 

- 

- 

4700 

- 

- 

- 

- 

*  Cement  removed  to  Testing  Laboratory  after  2  yr.  storage. 
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Table  7. — Strength-Ratios  From  Table  6. 
Cement  3827;  Storage  Began  May,  1917 


See  notes  preceding  Table  5. 


Strength-Ratios  after  Storing  Cement  for  Periods  Shown 

Cement  Stored  in 

1:5  Concrete 

1:3  Standard-Sand  Mortar 

Cloth  Sacks  in 

Begin 

3  mo. 

6  mo. 

1  yr. 

yr. 

Begin 

3  mo. 

6  mo. 

l  yr. 

43 4  yr. 

7-Day  Tests 


(a)  Testing  Laboratory . 

100 

74 

61 

47 

100 

74 

73 

35 

31 

(b)  Basement . 

— 

64 

54 

37 

46* 

— 

70 

69 

40 

33* 

(c)  Shed  in  yard,  cloth  sacks.  . 

— 

66 

57 

42 

28* 

— 

65 

63 

45 

15* 

(e)  Shed  in  yard,  “Jaite”  paper 

sacks . 

— 

70 

59 

44 

21* 

— 

73 

63 

52 

19* 

(f)  Shed  in  yard,  “Bernis" 

Ml 

paper  sacks . 

~ 

73 

55 

44 

20* 

— 

65 

73 

48 

21* 

28-Day  Tests 


(a) 

100 

70 

61 

49 

100 

74 

71 

48 

46 

(b) 

— 

58 

53 

41 

46* 

— 

68 

61 

49 

45* 

(c)  Same  as  above 

— 

56 

53 

41 

29* 

— 

75 

68 

48 

24* 

(e) 

— 

62 

57 

44 

26* 

— 

75 

70 

51 

28* 

(f) 

61 

52 

42 

23* 

70 

68 

47 

27* 

6-Month  Tests 


100 

76 

72 

61 

_ 

100 

74 

68 

— 

60 

63 

50 

56* 

— 

63 

57 

50 

— 

62 

62 

49 

36* 

— 

70 

68 

49 

— 

71 

68 

53 

31* 

— 

72 

69 

50 

68 

63 

51 

30* 

— 

66 

67 

49 

1-Year  Tests 


(a) 

100 

78 

74 

66 

100 

78 

77 

65 

60 

(b) 

— 

52 

66 

54 

— 

— 

71 

65 

55 

51* 

(c)  Same  as  above 

— 

66 

66 

53 

38* 

— 

77 

77 

57 

28* 

(c) 

— 

75 

72 

57 

32* 

— 

79 

76 

59 

34* 

(f) 

72 

67 

54 

74 

79 

57 

35* 

2- Year  Tests 


(a) 

(b) 

(c) 

(e) 

(f) 


Same  as  above 


100 

82 

77 

73 

_ 

100 

80 

88 

75 

— 

76 

74 

60 

— 

— 

78 

73 

62 

— 

72 

73 

58 

— 

— 

84 

88 

65 

— 

81 

79- 

63 

— 

— 

88 

86 

71 

78 

74 

60 

— 

84 

94 

69 

71 

57* 

33* 

39* 

42* 


Removed  to  Testing  Laboratory  after  2-yr.  storage. 
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Table  8. — Compressive  Strength  of  Concrete  and  Mortar. 


Cement  3965;  Storage  Began  Nov.,  1917 


See  notes  preceding  Table  4. 


Cement  Stored  in 
Cloth  Sacks  in 


Compressive  Strength — lb.  per  sq.  in. 
after  Storing  Cement  for  Periods  Shown 


1:5  C 

oncrete 

1:3  Standard-Sand  Mortar 

Begin 

3  mo. 

6  mo. 

lyr. 

2  yr. 

4  yr.* 

Begin 

3  mo. 

6  mo. 

1  yr. 

2  yr. 

4  yr.* 

7-Day  Tests 


fc) 

Shed  in  yard . 

1280 

800 

730 

570 

470 

530 

1770 

1350 

1150 

1200 

600 

430 

(g) 

Shed  in  yard,  hydrated 

lime  between  sacks. . . 

— 

1060 

880 

650 

520 

610 

— 

1530 

1150 

1010 

660 

540 

(h) 

Shed  in  yard,  cement 

between  sacks . 

980 

940 

600 

580 

590 

— 

1360 

1160 

910 

670 

650 

28-Day  Tests 


2560 

1760 

1750 

1080 

1100 

1320 

3360 

2140 

2060 

2110 

1170 

1170 

Same  as  above 

— 

1880 

1810 

1590 

1180 

1450 

— 

2440 

1880 

1840 

1580 

1500 

1730 

1930 

1370 

1230 

1450 

~ 

2260 

2210 

1730 

1580 

1440 

6-Month  Tests 


(c) 

3760 

3480 

2600 

2230 

2500 

2160 

4980 

3800 

3670 

3200 

2420 

1790 

(g)  Same  as  above 

— 

3340 

2760 

2810 

2630 

2480 

— 

3890 

2920 

2760 

2740 

2320 

(h) 

3570 

2930 

2290 

2550 

2130 

3920 

3160 

2850 

3200 

2600 

1-Year  Tests 


3720 

3930 

2890 

2710 

2840 

2460 

4490 

3040 

3550 

3480 

2280 

1830 

Same  as  above 

— 

4190 

3740 

3160 

2860 

2610 

— 

3700 

3800 

3400 

2950 

2240 

3780 

3300 

3020 

2880 

2580 

3570 

3810 

3520 

3180 

2710 

2- Year  Tests 


(O 

(g)  Same  as  above 

(h) 

4970 

4430 

4920 

4620 

4310 

4180 

4290 

2520 

3550 

2920 

3190 

3370 

3330 

2700 

3160 

4650 

4050 

4450 

3580 

3950 

3890 

3570 

3590 

3580 

3100 

2710 

3290 

3000 

1730 

2580 

2740 

5-Year  Tests 

5450 

- 

- 

- 

- 

- 

3440 

- 

- 

- 

- 

- 

•Removed  to  Testing  Laboratory  after  2-yr.  storage;  Cement  tested  at  2  and  4-yr.  storage  periods 
contained  about  50  per  cent  pulverized  lumps. 
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Table  9. — Strength-Ratios  From  Table  8. 
Cement  3965;  Storage  Began  Nov.,  1917 


See  notes  preceding  Table  5. 


(c)  Shed  in  yard . 

100 

63 

57 

45 

37 

41 

100 

76 

65 

63 

30 

24 

(g)  Shed  in  yard,  hydrated 
lime  between  sacks. . . 

_ 

69 

65 

51 

41 

48 

86 

65 

57 

37 

31 

(h)  Shed  in  yard,  cement 
between  sacks . 

- 

79 

74 

47 

45 

46 

- 

77 

66 

51 

38 

37 

28-Day  Tests 


(c) 

100 

78 

70 

52 

57 

53 

100 

64 

61 

60 

39 

35 

(g)  Same  as  above 

— 

81 

73 

64 

55 

58 

— 

73 

56 

55 

47 

40 

(h) 

76 

78 

55 

56 

55 

67 

62 

52 

55 

45 

6-Month  Tests 


(c) 

100 

93 

79 

59 

66 

59 

100 

68 

67 

68 

47 

36 

(g)  Same  as  above 

— 

95 

85 

75 

66 

66 

— 

77 

64 

60 

58 

46 

(h) 

~ 

90 

78 

63 

68 

61 

71 

68 

59 

64 

53 

1-Year  Tests 


(c) 

100 

92 

78 

57 

66 

57 

100 

75 

74 

72 

51 

38 

(g)  Same  as  above 

— 

98 

87 

74 

67 

65 

— 

81 

71 

67 

61 

50 

(h) 

“ 

92 

77 

62 

67 

60 

— 

74 

74 

63 

66 

56 

2-Year  Tests 


(c) 

100 

93 

77 

54 

67 

57 

100 

87 

84 

77 

58 

41 

(g)  Same  as  above 

— 

100 

88 

74 

71 

66 

— 

88 

83 

76 

70 

55 

(h) 

94 

74 

61 

70 

— 

76 

83 

69 

73 

62 

‘Removed  to  Testing  Laboratory  after  2-yr.  storage;  Cement  tested  at  2  and  4-yr.  storage  periods  con-_ 
tained  about  50  per  cent  pulverized  lumps. 


20 


Structural  Materials  Research  Laboratory 


Table  10. — Summary  of  Strength  Tests  of  1:5  Concrete. 

Values  are  the  average  of  2  samples  for  storage  conditions  (a)  and  (b)  and  3  samples  for  (c)  from  Tables 
4  to  9,  unless  otherwise  noted. 

The  (c)  values  include  all  types  of  shed-in-yard  storage;  the  strengths  at  the  beginning  of  the  tests  are 
different  than  for  (a)  and  (b)  due  to  the  difference  in  number  of  samples  of  cement  included  in  the  averages. 

All  cements  were  stored  in  Laboratory  after  2-yr. 


Cement  Stored  in 
Cloth  Sacks  in 


Strength  of  1:5  Concrete  after  Storing  Cement  for  Periods  Shown 


Compressive  Strength— lb.  per  sq.  in. 

Strength-Ratios 

Begin 

3  mo. 

6  mo. 

1  yr. 

2  yr. 

4  a  yr. 

Begin 

3  mo. 

6  mo. 

lyr- 

2  yr. 

4*yr. 

7-Day  Tests 


(a) 

Testing  Laboratory . . . 

1570 

1280 

1160 

900* 

680 

650* 

100 

82 

74 

60* 

43 

43* 

(b) 

Basement . 

1570 

1160 

1120 

810* 

520 

720 

100 

74 

69 

54* 

33 

46 

(0 

Shed-in-yard . 

1470 

1100 

980 

660 

500 

420 

100 

73 

66 

48 

34 

30 

28-Day  Tests 


(a) 

3250 

2560 

2240 

1860* 

1640 

1560* 

100 

80 

74 

69* 

50 

53* 

(b)  Same  as  above 

3250 

2300 

2200 

1720* 

1220 

1720 

100 

76 

70 

63* 

38 

51 

(c) 

3020 

2080 

2010 

1410 

1070 

1140 

100 

75 

69 

58 

41 

39 

6-Month  Tests 


(a) 

4740 

4060 

3940 

3680* 

2760 

2740* 

100 

84 

78 

76* 

61 

62* 

(b)  Same  as  above 

4740 

3670 

3850 

3150* 

1940 

2690 

100 

79 

75 

69* 

44 

58 

(c) 

4410 

3970 

3320 

2740 

1990 

1960 

100 

84 

76 

66 

49 

47 

1-Year  Tests 


5160 

3950 

4060 

3250* 

3390 

2860* 

100 

86 

80 

75* 

64 

61* 

Same  as  above 

5160 

4220 

3720 

3190* 

2700 

2950* 

100 

72 

75 

68* 

46 

60* 

4680 

4050 

3410 

3040 

2730 

2370 

100 

84 

75 

65 

51 

48 

2- Year  Tests 


4880 

4770 

4600 

4190* 

4180 

3450* 

100 

87 

78 

72* 

64 

61* 

Same  as  above 

4880 

4400 

4210 

4270* 

2840 

3090* 

100 

80 

76 

64* 

51 

56* 

4810 

4480 

4090 

3490 

2890 

2930 

100 

84 

75 

62 

54 

62 

5- Year  Tests 


(a) 

6320 

(b)  Same  as  above 

6320 

(c) 

6030 

''Based  on  1  sample  from  Tables  4  and  5. 
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Table  11. — Effect  of  Condition  of  Storage  of  Cement. 

Average  of  all  test  ages  from  Table  10. 


Strength-Ratios  after  Storing  Cement  for  Periods  Shown 


Cement  Stored  in 
Cloth  Sacks  in 

1:5  Concrete 

1:3  Standard-Sand  Mortar 

Grand 

Aver¬ 

age 

Begin 

3  mo. 

6  mo. 

1  yr. 

2  yr. 

4J4yr 

Begin 

3  mo. 

6  mo. 

lyr. 

2  yr. 

4)4  yr 

(a)  Testing  Laboratory 

100 

84 

77 

70 

57 

57 

100 

79 

81 

67 

57 

52 

68 

(b)  Basement . 

— 

76 

73 

64 

43 

54* 

— 

78 

74 

60 

53 

48* 

62 

(c)  Shed  in  yard . 

— 

80 

72 

60 

40 

45* 

— 

77 

75 

56 

47 

33* 

59 

Average . 

80 

74 

65 

49 

52 

78 

77 

61 

52 

44 

63 

*  Removed  to  Testing  Laboratory  after  2-yr.  storage. 


Table  12. — Cloth  vs.  Paper  Cement  Sacks. 


Average  of  all  test  ages  in  Table  7  for  cement  stored  in  shed-in-yard;  cements  removed  to  Testing  Labora¬ 
tory  after  2-yr. 


Cement  Stored  in 

Strength-Ratios  after  Storing  Cement  for  Periods  Shown 

Grand 

Aver¬ 

age 

1:5  Concrete 

1:3  Standard-Sand  Mortal 

Begin 

3  mo. 

6  mo. 

1)4  yr. 

4)4  yr- 

Begin 

3  mo. 

6  mo. 

1)4  yr. 

4)4  yr. 

(c)  Cloth  sacks . 

100 

64 

62 

49 

33 

100 

74 

73 

53 

25 

54 

(e)  “Jaite”  paper  sacks . 

— 

72 

67 

52 

28 

— 

77 

73 

57 

30 

57 

(f)  “Bemis”  paper  sacks 

— 

70 

62 

50 

24 

— 

72 

76 

54 

31 

55 

Average . 

69 

64 

50 

28 

74 

74 

55 

29 

55 

Table  13. — Effect  of  Hydrated  Lime  and  Portland  Cement  as 
Coverings  for  Cement  Sacks. 


Average  of  all  test  ages  in  Table  9.  Cement  stored  in  shed-in-yard  up  to  2  yr.;  thereafter  in  Testing 

Laboratory. 


Storage  Condition 
of  Cement 

Strength-Ratios  after  Storing  Cement  for  Periods  Shown 

Grand 

Aver¬ 

age 

1:5  Concrete 

1:3  Standard-Sand  1 

dortar 

Begin 

3  mo. 

6  mo. 

1  yr- 

2  yr. 

4yr. 

Begin 

3  mo. 

6  mo. 

1  yr. 

2  yr. 

4  yr. 

(c)  Sacks  uncovered  . . 

100 

84 

72 

53 

59 

53 

100 

74 

70 

68 

45 

35 

61 

(g)  Sacks  surrounded 

by  hydrated  lime 

— 

89 

80 

68 

60 

61 

— 

81 

68 

63 

55 

45 

67 

(h)  Sacks  surrounded 

by  Portland  ce- 

ment . 

— 

86 

76 

58 

61 

56 

— 

.73 

71 

59 

59 

51 

65 

Average . 

86 

76 

60 

60 

57 

76 

70 

63 

53 

44 

64 
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&5/77e/?/  'S/ar&c/  -  years 

Fig.  2.  Summary  of  Tests  of  Cements  Stored  in  Shed  up  to  4 y2  Yr. 

Values  for  concrete  from  Table  10;  mortar  average  of  values 
from  Tables  4,  6  and  8; 

In  Fig.  3  the  same  data  are  expressed  as  strength-ratios. 

It  should  be  noted  that  shed  storage  was  the  most  severe  of 
the  conditions  covered  by  these  tests. 
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Fig.  3.  Strength  Ratios  for  Concrete  and  Mortar  Tests  in  Fig.  2. 

Values  for  concrete  from  Table  10;  mortar,  average  of  values 
from  Tables^,  7  and  9. 

It  should  be  noted  that  shed  storage  was  the  most  severe  of 
the  conditions  covered  by  these  tests. 


—  /^eree/?/  &/  deg/h/?//?? 

v  v 
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Ceme/if  sforecf  -  years 

Fig.  4.  Strength  Ratios  for  1:5  Concrete;  Cement  3705. 

Data  from  Table  5.  Compare  Fig.  6  and  8. 

Curves  are  average  for  the  3  conditions  of  storage. 
All  cements  stored  in  Laboratory  after  2  yr. 
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C&men/-  s/orec/  —  yea/15 

Fig.  5.  Strength  Ratios  for  1:3  Standard-Sand  Mortar;  Cement  3705. 

Data  from  Table  5.  Compare  Fig.  7  and  9. 

Curves  are  average  for  the  3  conditions  of  storage. 

All  cements  stored  in  Laboratory  after  2  yr. 
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ferrreaf  s/orec/  -  years 


Fig.  6.  Strength  Eatios  for  1:5  Concrete;  Cement  3827. 

Data  from  Table  7.  Compare  Fig.  4  and  8. 

Curves  are  average  for  the  5  conditions  of  storage. 
All  cements  stored  in  Laboratory  after  2  yr. 
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Fig.  7.  Strength  Ratios  for  1:3  Standard-Sand  Mortar;  Cement 
3827. 

Data  from  Table  7.  Compare  Fig.  5  and  9. 

Curves  are  average  for  the  5  conditions  of  storage. 

All  cements  stored  in  Laboratory  after  2  yr. 
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Fig.  8.  Strength  Ratios  for  1:5  Concrete;  Cement  3965. 

Data  from  Table  9.  Compare  Fig.  4  and  6. 

Curves  are  average  for  the  3  conditions  of  storage. 
All  cements  stored  in  Laboratory  after  2  yr. 
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£&r77er?/L  ^/are<z/  -  y<3c?/js 


Fig.  9.  Strength  Ratios  for  1:3  Standard-Sand  Mortar;  Cement 3965. 

Data  from  Table  9.  Compare  Fig.  5  and  7. 

Curves  are  average  for  the  3  conditions  of  storage. 

All  cements  stored  in  Laboratory  after  2  yr. 


Effect  of  Storage  of  Cement 


31 


Fig.  10.  Effect  of  Age  on  the  Strength  of  Concrete. 

Data  from  Table  10. 

Strength-ratios  in  Tables  5,  7  and  9,  and  Fig.  3  to  9  were  cal¬ 
culated  from  curves  of  this  type. 
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Cerrper?/  sfvrec/  -  years 

Fig.  11.  Effect  of  Storage  of  Cement  on  the  Time  ofnSetting. 
Data  from  Table  2. 

Curves  are  average  for  all  conditions  of  storage. 
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Fig.  12.  Effect  of  Storage  of  Cement  on  Certain  Chemical  Prop¬ 
erties. 


Data  from  Table  3. 
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Published  in  New  York,  1904,  p.  4,  56,  and  80. 

Effects  of  aeration  of  cement  in  damp  climate  and  in  high  temperature 
studied.  Cement  high  in  lime  improved  with  age,  but  those  high  in 
alumina  became  quick  setting  and  dangerous. 

Relative  Value  of  Fresh  and  Caked  Cement; 

Eng.  News,  v.  55,  p.  67,  1906. 

Contains  replies  to  inquiry  on  this  subject  with  results  of  strength  tests, 
etc.  Opinions  as  to  relative  value  differ  as  some  tests  indicate  no  change 
and  others  indicate  decrease  in  strength. 

Practical  Cement  Testing,  by  W.  P.  Taylor; 

Published  by  M.  C.  Clark  Publishing  Co.,  N.  Y.  1906,  p.  104. 

Briquet  tests  of  Portland  cement  stored  in  laboratory  up  to  V/t  yr.  * 
Aging  of  Portland  Cement,  by  H.  S.  Conover; 

Cement  Age,  v.  3,  p.  479,  Dec.,  1906. 

Gives  reasons  why  cement  becomes  quick-setting  with  age. 

Effects  of  Aeration  of  Cement,  by  R.  K.  Meade; 

Chem.  Eng.,  v.  5,  p.  341,  1907. 
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Cement  and  Concrete,  by  L.  C  Sabin; 

McGraw  Pub.  Co.,  New  York,  p.  56  and  82,  1907. 

Aeration  of  cement  decreases  its  specific  gravity;  its  time  of  setting  may 
be  increased  or  decreased  depending  upon  the  cement. 

Portland  Cement  Testing,  by  Reibling  &  Salinger; 

Philippine  Jl.  Science,  v.  3,  No.  3,  1908. 

Data  and  experiences  on  effect  of  aeration  of  cement  on  its  strength,  weight, 
fineness,  time  of  setting  and  other  properties. 

Preventing  Deterioration  of  Cement,  Hydraulic  Lime,  etc.; 

French  Patent,  392,734,  July  27,  1908. 

Claims  that  addition  of  CaO  prevents  deterioration  during  storage. 

Storing  Cement  in  Small  Quantities; 

Cement  Age,  v.  6,  p.  629,  June,  1908. 

Method  used  in  New  York  and  Philadelphia. 

Artificially  Aging  or  Seasoning  Portland  Cement,  by  T.  A.  Edison; 

U.  S.  Pat.  939,977,  Nov.  30,  1909  and  944,692,  Dec.  28,  1909. 

Cement  subjected  to  air  and  combustion  gases  saturated  with  water  vapor 
at  temperature  above  38  degrees,  to  expedite  seasoning. 

Determination  of  Effect  of  Age  and  Exposure  upon  Tensile  Strength  of  Portland 
Cement  before  Use,  by  Phelps,  Ridgway,  Ward  and  Watts; 

Stevens’  Indicator,  v.  26,  p.  158,  1909. 

Tests  at  Stevens’  Inst,  of  Tech,  indicate  Portland  cement  deteriorates  in 
strength  if  aerated  for  long  time.  Artificially  aged  cements  used. 

Portland  Cement  and  Its  Aeration,  by  H.  K  G.  Bamber; 

Trans.  Concrete  Inst.  (London)  1909 

Water,  Dec.  15,  1910. 

Effect  of  Storage  on  Properties  of  Cement, 

Proc.  German  Portland  Cement  Mfrs.,  1909,  p.  75  and  146. 

Cement  tested  after  storage  for  0,  28,  90,  180  and  360  days  in  sacks  in  a 
dry  room  and  in  tightly  closed  tin  containers.  Tests  made  for  0  and 
2.5%  of  S03  (added  as  gypsum).  Storage  in  sacks  longer  than  90  days 
retarded  the  time  of  setting  of  cements  appreciably,  especially  for  ce¬ 
ments  containing  gypsum.  Storage  in  air-tight  cans  showed  no  appreciable 
effect. 

Aging  of  Cements,  Experiments,  by  F.  Wendt; 

Zement  u.  Beton,  Oct.  7,  1910. 

Tank  of  Reinforced  Concrete  for  Storing  Portland  Cement; 

Cement  &  Eng.  News,  v.  22,  p.  384,  1910. 

Describes  concrete  tank  45  ft.  high  and  45  ft.  in  diameter  with  capacity 
of  18,000  barrels  erected  by  Louisville  Cement  Company  at  Speeds,  Ind. 

Storing  of  Gypsum,  by  R.  Feret; 

Reun.  Membres  Francais  et  Beiges  de  L’Assoc.  Intern,  pour  L’Ess.  Mat.  de 
Const.,  1910. 

Aeration  of  Cement  and  Lime  by  Pure  Air  and  Contaminated  Air,  by  J.  Cleghorn; 

Ind.  and  East.  Eng.,  July,  1910. 

Tests  of  Cement  Stored  for  28  Days  and  Lumpy  Cement; 

Report  of  Commissioners  of  Sewerage,  Louisville,  Ky.,  1910,  p.  85. 

Tensile  strength  tests  made  of  1:3  Portland  cement  mortars  and  neat  ce¬ 
ment  using  cement  stored  28  days  and  lumps  from  this  cement.  Lumps 
found  to  have  lost  most  of  their  original  strength,  but  fine  cement  from 
same  sacks  was  of  good  quality.  All  brands  of  cement  seemed  to  suffer 
to  same  extent  from  dampness. 

Physical  and  Chemical  Properties  of  Portland  Cement,  by  Reibling  and  Reyes; 

Proc.  8th  Int.  Congress  App.  Chemistry,  v.  5,  1912. 

.  Summary,  of  original  articles  in  Philippine  Jl.  of  Science,  1910-12. 

Compressive  and  tensile  strength  tests  of  cements  and  cement  mortars 
made  of  cements  aerated  up  to  100  days;  also  results  of  microscopic  in¬ 
vestigation  of  aerated  cements. 

Deterioration  of  Portland  Cement,  by  C.  Hentschel; 

Tonind.  Ztg.,  v.  36,  p.  557,  and  825,  1912. 

•  Confirmation  of  theory  that  shortening  of  time  of  setting  of  cement  in 
storage  is  due  to  presence  of  alkali  carbonates. 

Storage  of  Portland  Cement; 

Cement,  Feb.,  1912. 

Suggestions  for  dealers,  contractors  and  users. 

Does  Aging  Make  Cement  Finer? 

Concrete-Cement  Age,  v.  1,  p.  69,  Sept.,  1912. 
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Storage  of  Cement  in  Winter; 

Concrete-Cement  Age,  v.  2,  p.  19,  Jan.,  1913. 

Damage  to  Bulk  Cement  and  Sacked  Cement  by  Wetting  in  Transit,  by  J.  H. 
Libberton; 

Eng.  News,  v.  68,  p.  251,  Aug.  7,  1913. 

Effect  of  Storage  upon  Setting  Qualities  of  Cement,  by  Hartwell  and  Boynton; 
Concrete-Cement  Age,  v.  5,  p.  158,  Oct.  1914. 


Precautions  for  Cement  Storage; 

Concrete,  v.  9,  p.  96,  1916. 

Concrete,  Plain  and  Reinforced,  by  Taylor  and  Thompson; 

J.  Wiley  &  Sons,  New  York,  1919,  p.  219. 

Recommends  storing  cement  in  dry  place  before  use. 

How  to  Store  Cement,  by  S.  P.  Baird; 

Eng.  News,  v.  73,  p.  1046,  June  1,  1916. 

Munic.  Eng.  v.  50,  p.  61,  Feb.,  1916. 

Portable  Canvas  Storehouses  for  Cement  for  Road  Work; 

Eng.  &  Contr.,  v.  45,  p.  404,  May  3,  1916. 

American  Export  Cement  Skillfully  Packed; 

Eng.  News-Rec.,  v.  77,  p.  1201,  Dec.  27,  1917. 

Piling  and  Handling  Cement  in  Warehouses,  by  Boyer  and  Wightman- 
Concrete,  v.  11,  p.  185,  Dec.,  1917. 

Methods  and  results  of  experiences  in  storing  cements. 

Circyjjar  Cement  Storage  Bins; 

Concrete,  v.  11,  July,  1917. 

Abstract,  Eng.  News-Rec.,  v.  77,  p.  401,  Aug.  30,  1917. 

Storing  Cement; 

Cement,  Mill,  and  Quarry,  p.  21,  Aug.  5,  1920. 


Tests  of  Aged  Cement  in  Concrete  Mixtures; 

Eng.  &  Contr.,  v.  54,  p.  294,  Sept.  22,  1920. 

Concrete  (CMS)  v.  17,  p.  122,  Oct.  1920. 

Tests  by  Bureau  of  Standards  indicate  that  cements  deteriorate  with  aee 
Cements  stored  up  to  V/2  years  tested. 

Ten-Year  Tests  Showing  Effect  of  Age  and  Curing  Condition  on  Strength  of  Con¬ 
crete,  by  M.  O.  Withey ; 

Wisconsin  Engineer,  v.  25,  p.  19,  Nov.,  1920. 

Eng.  and  Contr.,  v.  54,  p.  518,  Nov.  24,  1920.  v 

Tables  and  graphs  show  variation  in  tensile  and  compressive  strength  of 
neat  cement  and  mortar  for  fresh,  7-yr.  and  10-yr.  stored  cement.  Cements 
stored  in  closed  10-gal.  tin  cih. 

Effect  of  Storage  of  Cement,  by  D.  A.  Abrams; 

Bull,  6,  Struc.  Mat.  Research  Lab.,  Lewis  Institute,  1920,  Second  Edition  1924 

Abstract  Eng.  News-Rec.,  v.  84,  p.  1263,  June  24,  1920. 

Abstract  Concrete,  July,  1920. 

Abstract  Concrete  Products,  p.  48,  July,  1920. 

Abstract  Jl.  Soc.  Chem.  Ind.,  Atjg.  16,  1920. 

Abstract  Ferro-Concrete,  p.  65,  Sept.,  1920. 

Abstract  Eng.  and  Contr.,  v.  53,  p.  687,  June  16,  1920. 

Chem.  Abstracts,  July  20,  1920. 

Cement  stored  in  1,000-lb.  lots  in  cloth  and  paper  sacks  in  shed-in-yard, 
in  air  of  Laboratory  and  in  basement  for  periods  up  to  5  yr  Tested 
in  concrete  and  mortar  at  ages  from  7  days  to  2  yr.  All  conditions  of 
storage  caused  reductions  in  strength,  particularly  at  the  early  ages.  The 
effect  of  storage  tended  to  disappear  for  the  longer  test  ages. 

Winter  Storage  of  Cement,  by  B.  S.  Smith; 

Eng.  News-Rec.,  v.  85,  p.  1106,  Dec.  2,  1920. 


Storage  of  Cement; 

Concrete  &  Const.  Eng.,  v.  16,  p.  343,  1921. 

Storage  of  Cement; 

Concrete  &  Const.  Eng.,  Feb.,  1921,  p.  131. 

Physical  tests  of  cement  stored  in  bulk  for  3  years  showed  excellent 
quality;  comments  that  these  results  confirm  report  from  Structural  Ma¬ 
terials  Research  Laboratory. 
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Storage  of  Sacked  Cement; 

Published  by  Portland  Cement  Assn.,  Chicago,  1921. 

Cement  in  storage  must  be  kept  dry.  Plans  and  bill  of  material  for  con¬ 
struction  of  21  by  24  foot  shed  for  sacked  cement.  Suggestions  for 
saving  labor. 

Bulk  Cement; 

Pamphlet  by  Portland  Cement  Assn.,  Chicago,  1921. 

Bulk  Cement  Deterioration  Less  than  in  Bags,  by  W.  M.  Myers; 

Serial  2377— U.  S.  Bureau  of  Mines. 

Eng.  News-Rec.,  v.  89,  p.  617,  Oct.  12,  1922. 

Concrete  (CMS)  p.  95,  Oct.,  1922. 

Cement,  Mill  and  Quarry,  v.  21,  p.  31,  Sept.  5,  1922. 

Canadian  Eng.,  v.  44,  p.  110,  Jan.  2,  1923. 

Experiences  of  A.  E.  F.  with  cements,  French  Government  Specifications 
for  stored  cement,  etc.  Deterioration  of  bulk  cement  less  than  bagged 
cement  due  to  smaller  exposed  area. 

Setting  of  Portland  Cement,  by  W.  L.  Gadd; 

Pamphlet  No.  1,  British  Portland  Cement  Research  Assn.,  1922,  p.  16. 

Results  of  experiments  on  the  setting  of  Portland  cement  as  affected  by 
storage  out  of  contact  with  atmospheric  air,  for  120  days  and  6  mo.  in 
heated  and  unheated  rooms  in  sealed  bottles.  Effect  of  exposure  to 
gases,  pure  dry  air,  pure  dry  oxygen  and  dry  ozone,  dry  oxygen,  dry 
ozone,  moist  air,  moist  oxygen  and  moist  ozone,  ordinary  laboratory  air, 
dry  carbon  dioxide  and  moist  carbon  dioxide  also  studied. 

Effect  of  Aeration  on  Properties  of  Portland  Cement,  by  T.  Hattori; 

Report  I,  Indust.  Dept.  Central  Research  Lab.  (Govt,  of  Formosa)  1922,  p.  7. 

Chem.  Abstracts,  v.  6,  p.  144,  July,  1923. 

Study  of  aeration  on  various  properties  of  4  Portland  cements.  Loss  on 
ignition  increases  with  time  of  aeration.  Increase  in  length  of  cement 
specimens  with  different  time  of  aeration  given.  Aeration  retarded  set¬ 
ting  at  first  and  further  aeration  accelerated  it.  Strength  decreased  by 

aeration.  Tables  and  curves  show  heat  evolved  in  setting.  Influence  of 
free  lime  on  properties  of  cement  given. 

Cost  of  Winter  Cement  Storage  for  Road  Construction,  by  W.  S.  Anderson; 

Eng.  News-Rec.,  v.  90,  p.  267,  Feb.  8,  1923. 

Results  of  experience  with  storage  of  cement  and  costs.  Believes  allow¬ 
ance  of  15  cents  per  barrel  made  by  Illinois  for  compulsory  storage  of 
cement  is  fair.  Describes  field  storage  house. 

Stored  Cements,  by  C.  Prussing; 

Zement  v.  12,  p.  82,  1923. 

Rev.  Mat.  de  Const,  de  Trav.  Pub.  No.  169,  Oct.,  1923. 

Three  commercial  cements  spread  out  on  paper  and  allowed  to  remain  for 
6  or  7  weeks  at  constant  humidity  showed  decreased  strength.  Seven 
German  cements  were  stored  in  containers  for  6  to  9  yr.  Strength  showed 
slight  decrease  in  most  cases.  One  cement  was  stored  in  a  sack  and 
strength  decreased  markedly  at  end  of  2  yr. 

Baled  Straw  as  a  Support  for  Cement  in  Storage  Sheds,  by  F.  M.  Balsley; 

Eng.  News-Rec.,  v.  92,  p.  83,  Jan.  10,  1924. 

Public  Const.  News,  v.  1,  p.  6,  Feb.  10,  1924. 

Describes  practical  method  of  storing  cement  used  by  paving  contractor  to 
carry  reserve  supply,  without  damaging  cement. 
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EFFECT  OF  TANNIC  ACID  ON  THE  STRENGTH 
OF  CONCRETE. 


By  Duff  A.  Abrams. 

SUMMARY. 

It  has  long  been  recognized  that  impurities  of  an  organic  nature  have 
the  effect  of  reducing  the  strength  of  concrete  or  entirely  destroying  the 
hydraulic  properties  of  the  cement.  While  this  fact  has  been  pointed  out 
by  a  number  of  writers,  there  is  still  a  tendency  among  concrete  engineers 
to  disregard  the  effect  of  such  impurities.  A  general  investigation  of  this 
subject  was  inaugurated  in  1915  by  means  of  funds  furnished  by  Com¬ 
mittee  C-9  on  Concrete  and  Concrete  Aggregates  and  has  been  continued 
during  the  past  four  years  as  a  part  of  the  investigations  being  carried 
out  through  the  cooperation  of  Lewis  Institute  and  the  Portland  Cement 
Association. 

It  was  impossible  to  secure  natural  sands  containing  graduated 
percentages  of  organic  impurities  for  a  study  of  the  quantitative  effect 
of  such  impurities.  Consequently,  aggregate  samples  were  prepared  in 
which  known  quantities  of  organic  impurities  were  present,  by  applying 
tannic  acid  as  a  surface  coating  in  quantities  up  to  0.40  per  cent  by  weight. 
Compression  tests  were  made  on  3  by  6-in.  concrete  cylinders.  The  mix 
varied  from  1:5  to  1:2;  the  size  of  aggregate  ranged  from  a  fine  sand  to 
a  ^4 -in.  graded  aggregate.  Tests  were  made  on  all  mixtures  and  sizes 
of  aggregate  at  ages  of  7  days,  28  days,  3  months,  1  year,  and  2  years. 
Specimens  were  stored  in  damp  sand.  This  series  included  about  2000 
concrete  tests. 

Following  are  the  principal  conclusions  from  this  investigation : 

1.  It  is  believed  that  the  results  of  these  tests  are,  in  general,  typical 
of  the  effect  produced  by  organic  impurities  in  concrete,  judging  from 
tests  with  natural  sands  containing  organic  matter,  made  in  Lewis  In¬ 
stitute  and  other  laboratories. 

2.  The  strength  of  concrete  was  reduced  for  all  percentages  of  tannic 
acid,  for  all  mixes  and  ages  covered  by  these  tests.  Less  than  0.1  per  cent 
of  tannic  acid  in  terms  of  the  weight  of  the  aggregate  may  reduce  the 
strength  of  the  concrete  to  one-half  its  normal  value. 

3.  Lean  mixtures  are  more  affected  by  tannic  acid  than  rich  ones. 

4.  The  mixtures  from  the  finer  aggregates  are  less  affected  by  tannic 
acid  than  those  from  the  coarser  aggregates. 

5.  All  of  the  effects  mentioned  above  may  be  summed  up  by  saying 
that  the  reduction  in  strength  of  concrete  is  a  function  of  the  concentration 
of  tannic  acid  in  the  mixing  water.  An  equation  is  given  which  represents 
this  relation  for  the  28-day  tests. 
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6.  The  results  of  these  tests  indicate  that  the  wetter  consistencies 
would  be  less  affected  by  the  presence  of  organic  impurities  than  the 
drier  ones. 

7.  The  strength  falls  off  rapidly  for  small  percentages  of  tannic  acid 
and  less  rapidly  as  higher  percentages  are  reached. 

8.  The  7  and  28-day  strengths  are  reduced  to  a  greater  extent  by 
tannic  acid  than  those  at  ages  of  1  and  2  years. 

9.  Some  of  the  1 : 5  mixes  in  which  the  higher  percentages  of  tannic 
acid  and  the  finer  sands  were  used  (2  to  3-per-cent  solution)  disintegrated 
before  the  time  of  test.  The  1 :  7  mixes  (3  to  5-per-cent  solution)  were 
destroyed  in  removing  the  molds. 

10.  The  tests  confirm  the  results  of  many  other  investigations  made 
in  this  Laboratory  in  showing  the  fundamental  dependency  of  strength 
of  concrete  on  the  quantity  of  mixing  water  as  expressed  by  the  water- 
ratio. 

11.  The  strength  of  concrete  (stored  in  a  damp  place)  both  with  and 
without  tannic  acid  increased  with  age.  The  strength  for  a  given  condi¬ 
tion  was  a  logarithmic  function  of  the  age. 

Care  should  be  taken  to  eliminate  surface  loam  from  concrete  sands. 
Loam  can  generally  be  removed  by  washing.  , 

Attention  is  called  to  the  “colorimetric”  test  with  sodium  hydroxide  as 
a  convenient  method  of  testing  for  organic  impurities  in  natural  sands. 


EFFECT  OF  TANNIC  ACID  ON  THE  STRENGTH 
OF  CONCRETE. 

By  Duff  A.  Abrams. 

Introduction. 

It  has  long  been  recognized  that  organic  impurities  are  injurious  in 
sands  used  for  both  cement  and  lime  mortars.  Contamination  from  sur¬ 
face  loam  and  the  presence  of  other  organic  materials  peculiar  to  local 
conditions  are  the  principal  sources  of  organic  impurities  in  sands.  Many 
specifications  for  concrete  aggregate  require  that  the  sand  be  clean,  but 
definite  information  has  been  lacking  as  to  the  exact  effect  of  organic 
impurities  on  concretes  of  widely  different  composition. 

The  necessity  for  clean  sand  was  fully  appreciated  by  the  ancients  as 
shown  by  the  following  extract  from  “A  Treatise  on  Architecture,”  by 
Vitruvius,  a  Roman  architect  and  engineer ;  written  about  100  B.  C. 

“In  buildings  of  rubble  work  it  is  of  the  first  importance  that  the 
sand  be  fit  for  mixing  with  the  lime  and  unalloyed  with  earth.”  Book  1, 
Chapter  4.) 

Many  modern  writers  have  pointed  out  the  injurious  effect  of  organic 
materials  in  concrete.  However,  in  spite  of  the  numerous  warnings,  there 
is  a  tendency  to  disregard  the  dangers  which  lie  in  the  use  of  sands  con¬ 
taining  organic  impurities  which  may  come  from  contamination  of  sur¬ 
face  loam  and  other  foreign  material. 

The  U.  S.  Department  of  Agriculture  reports  (Bulletin.  47,  Bureau 
of  Soils)  that  the  ordinary  top  soil  contains  on  the  average  over  2  per 
cent  of  organic  matter.  This  value  is  based  on  many  thousand  tests  on 
samples  from  all  sections  of  the  country.  In  many  instances  the  organic 
material  is  much  higher  than  2  per  cent.  The  sub-soil  for  several  feet  in 
depth  contains  an  appreciable  percentage  of  organic  material. 

A  general  investigation  of  the  whole  subject  of  the  effect  of  organic 
impurities  on  mortars  and  concretes  was  begun  at  Lewis  Institute,  in  1915, 
by  means  of  funds  appropriated  by  Committee  C-9  on  Concrete  and  Con¬ 
crete  Aggregates.  The  earlier  investigations  covered  the  study  of  the 
concrete-making  properties  of  natural  sands  containing  organic  impurities 
of  such  a  nature  as  to  be  injurious  to  concrete.  A  preliminary  report 
under  the  title  of  “Colorimetric  Tests  for  Organic  Impurities  in  Sands”1 
was  published  in  1917.  That  report  indicated  a  method  of  testing  for 
organic  impurities  which  consists  of  digesting  a  sample  of  the  sand  in  a 
dilute  solution  of  sodium  hydroxide  and  observing  the  color  of  the  result¬ 
ing  liquid. 

Later  investigations  of  the  effect  of  organic  impurities  have  been  con¬ 
ducted  as  a  part  of  the  experimental  studies  of  concrete  and  concrete 

1Appendix  II,  Report  of  Committee  C-9,  Proceedings,  Am.  Soc.  Testing  Mat.,  Vol. 
XVII,  Part  I,  p.  327  (1917). 

See  also  “Abrams-Harder  Field  Test  for  Organic  Impurities  in  Sands,”  Report  of 
i  Committee  C-9,  Proceedings,  Am.  Soc.  Testing  Mat.,  Vol.  XIX,  Part  I,  p.  321  (1919). 
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materials  being  carried  out  through  the  cooperation  of  Lewis  Institute 
and  the  Portland  Cement  Association  at  the  Structural  Materials  Re¬ 
search  Laboratory.  The  tests  coyered  by  this  report  were  made  under  the 
immediate  supervision  of  Dr.  Oscar  E.  Harder,  former  Research  Chemist 
in  this  Laboratory. 

In  this  investigation  it  was  necessary  to  use  an  artificially  prepared 
sand,  due  to  the  fact  that  no  natural  sands  could  be  found  which  contained 
graduated  percentages  of  organic  impurities  in  sufficient  quantities  to  enable 
us  to  investigate  the  quantitative  effect  of  such  material  in  concrete  of 
different  mixtures  made  up  of  aggregate  of  different  size,  tested  at 
different  ages,  etc.  The  characteristic  compounds  which  are  commonly 
found  to  be  injurious  in  natural  sands  are  of  a  humus  nature — frequently 
tannates  of  some  form.  This  condition  suggested  the  use  of  tannic  acid 
as  a  means  of  conducting  further  studies  of  the  effect  of  organic  impurities 
on  the  strength  and  other  properties  of  concrete.  It  is  believed  that  the 
results  secured  from  this  study  may  be  considered  typical  of  the  effect  of 
organic  impurities  in  natural  sands. 


Outline  of  Tests. 


This  investigation  comprised  compression  tests  of  2000  3  by  6-in. 
cylinders  made  of  concrete1  from  sand  and  pebbles  of  different  sizes, 
ranging  from  0-No.  28-sieve  sand  to  0-%-in.  aggregate.  In  each  in¬ 
stance  the  tannic  acid  content  was  varied  up  to  0.40  per  cent  of  the  weight 
of  the  aggregate. 


The  following  variables  were  covered  by  the  tests : 


Size 

Mix 

Tannic  Acid, 

of 

by 

PER  CENT  I3Y  WEIGHT 

Aggrega  te. 

Volume. 

of  Aggregate. 

Age 

AT 

Test. 


0  to  No.  28 

'  N 

0  to  No.  14 

1:5 

0  to  No.  8 

1:4 

0  to  No.  4 

1  : 3 

0  to  %  in. 

0  to  %  in. 

1  -.2 

0.0 

7  days 

0.05 

28  days 

0.10 

• 

3  months 

0.20 

1  year 

0.40 

2  years 

All  possible  combinations  of  the  above  factors  were  used  in  this  in¬ 
vestigation.  Each  strength  value  is  based  on  four  tests  made  on  different 
days  at  intervals  of  two  to  three  weeks.  In  other  words  each  value  is  the 
average  of  four  entirely  independent  tests. 

The  original  plan  called  for  a  1 :  7  mix,  but  it  was  found  impracticable 
to  handle  the  specimens  containing  tannic  acid,  consequently  this  mix  was 
dropped. 

Concrete  is  here  used  in  its  general  sense  to  include  what  are  generally  con¬ 
sidered  mortar  mixtures. 
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Materials. — The  Portland  cement  used  in  this  investigation  consisted 
of  a  mixture  of  equal  parts  of  four  brands  purchased  in  the  Chicago 
market.  Lots  of  one  sack  of  each  brand  of  cement  were  thoroughly 
mixed  dry  in  a  concrete  mixer  before  it  was  used.  Miscellaneous  tests 
of  cement  are  given  in  Table  1.  Compression  and  tension  tests  of  stand¬ 
ard  sand  mortar  at  ages  up  to  two  years  are  given  in  Table  2. 

Table  1.— Miscellaneous  Tests  of  Cement. 


A  mixture  of  equal  parts  of  four  brands  of  Portland  cement,  purchased  in  the  Chicago  market. 

All  tests  were  made  in  accordance  with  the  standard  methods  of  the  American  Society  for  Testing  Materials 
Each  value  is  the  average  of  two  tests. 


Fineness 
Residue 
on  No.  200 
Sieve 

Normal 
Consistency, 
per  cent 
by  weight 

Time  of  Setting 

Soundness  Test 
Over  Boiling  Water 

Vicat  Needle 

Gillmore  Needle 

Initial 
h.  m. 

Final 
h.  m. 

Initial 
h.  m. 

Final 
h.  m. 

18.8 

23.0 

3  40 

7  40 

5  15 

8  30 

OK 

Table  2. — Mortar  Strength  Tests. 

1  :  3  Standard  sand  mortar.  Stored  in  water;  tested  wet.  Each  value  is  the  average  of  5  tests  made  on 
different  days. 


Mixing  Water, 
per  cent 

Briquettes 

Tensile  Strength,  lb.  per  sq.  in. 

2  by  4-in.  Cylinders 
Compressive  Strength,  lb.  per  sq. 

in. 

7  d. 

28  d. 

3  m. 

6  m. 

ly. 

2  y. 

7  d. 

28  d. 

3  m. 

6  m. 

iy. 

2  y. 

10.3 

242 

378 

462 

440 

387 

369 

1770 

3360 

4380 

4570 

4490 

4650 

The  aggregates  consisted  of  different  sizes  of  sand  and  pebbles  from 
the  Elgin,  Ill.,  pit  of  the  Chicago  Gravel  Company.  The  material  was 
largely  of  limestone  origin.  Sieve  analysis  of  the  aggregates  is  given  in 
Table  3.  The  “fineness  modulus”1  of  the  aggregate  is  used  as  a  measure 
of  its  size  and  grading.  It  is  the  sum  of  the  percentages  in  the  sieve 
analysis  divided  by  100.  The  sieve  analysis  is  expressed  in  terms  of  the 
percentages  by  weight  coarser  than  the  sieves  shown.  The  sieves  are 
from  the  standard  screen  scale  series  of  The  W.  S.  Tyler  Co.,  Cleveland, 
Ohio. 

The  tannic  acid  used  was  of  commercial  grade  in  crystal  form.  It 
was  dissolved  in  water  and  applied  in  small  increments  to  the  sand  by 
sprinkling  a  known  solution  over  the  sand  and  mixing  thoroughly.  The 
sand  was  allowed  to  dry  at  a  low  temperature  before  another  application 
was  made.  Tannic  acid  was  added  as  a  surface  coating  in  this  way  to  the 
amount  of  0.05,  0.10,  0.20  and  0.40  per  cent  of  the  weight  of  the  aggregate. 

1  For  further  details  see  “Design  of  Concrete  Mixtures”  bjr  Duff  A.  Abrams, 
Bulletin  1.  Structural  Materials  Research  Laboratory,  Lewis  Institute,  Chicago. 
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The  sands  thus  prepared  responded  to  the  “colorimetric  test”  with  sodium 
hydroxide  described  below. 

The  water  was  from  the  city  supply  obtained  from  Lake  Michigan. 

Test  Pieces. — All  tests  were  made  on  3  by  6-in.  cylinders.  The  con¬ 
crete  was  mixed  by  hand  in  batches  of  sufficient  size  to  make  5  specimens. 
One  specimen  from  each  batch  was  tested  at  7  days,  28  days,  3  months, 
1  year,  and  2  years.  The  specimens  were  molded  in  metal  forms  consist¬ 
ing  of  6-in.  lengths  of  cold-drawn  steel  tubing  which  was  split  along  one 
element  and  closed  by  means  of  a  circumferential  band.  The  concrete 
was  placed  in  the  form  in  3,  or  4  layers ;  each  layer  being  puddled  with  a 
small  steel  bar.  The  different  mixtures  and  sizes  of  aggregate  were  mixed 
to  the  same  consistency.  One  batch  of  each  kind  was  mixed  before  start¬ 
ing  on  the  second  round. 

The  forms  were  removed  on  the  day  iollowing  molding.  The  speci¬ 
mens  were  stored  in  damp  sand  until  the  time  of  test. 


Data  of  Tests. 

The  data  of  the  concrete  tests  are  given  in  Tables  4  and  5.  Each 
value  for  concrete  strength  is  the  average  of  four  independent  tests  made 
on  different  days.  In  Table  6  the  strengths  of  concrete  containing  tannic 
acid  have  been  reduced  to  percentages  of  the  strength  of  similar  concrete 
without  tannic  acid  and  tested  at  the  same  age;  in  this  table  the  tannic 
acid  is  given  in  terms  of  the  mixing  water  (per  cent  concentration).  Most 
of  the  results  are  given  in  graphical  form  in  Fig.  1  to  16. 

The  unit  weight  of  the  concrete  upon  removal  of  the  forms  is  given 
in  Table  7. 


Table  3. — Miscellaneous  Tests  of  Aggregate. 


Sand  pebbles  from  Elgin,  Ill. 

The  sieves  used  were  from  the  “Standard  Screen  Scale,”  manufactured  by  The  W.  S.  Tyler  Co.,  Cleveland 


Size  of  Aggregate 

Weight, 
lb.  per 
cu.  ft. 

Sieve  Analysis 

per  cent  coarser  than  each  sieve 

Fineness 

Modulus** 

100 

48* 

28* 

14* 

8 

4 

%-ih. 

K-in. 

0  to  l\Tn  ?R* 

100 

97 

76 

0 

1.73 

104 

98 

84 

33 

0 

2.15 

110 

98 

86 

49 

22 

0 

2.55 

1 15 

99 

88 

58 

35 

20 

0 

3 . 00 

120 

99 

91 

70 

52 

36 

20 

0 

3.68 

0  to  in . 

127 

99 

93 

75 

60 

52 

40 

22 

0 

4.40 

•(Note  added  at  Second  Printing,  November,  1922.)  The  No.  48,  28,  and  14-mesh  sieves  give  the  same 
separation  as  the  No.  50,  30,  and  16  now  used  in  the  "Tentative  Method  of  Test  for  Sieve  Analysis  of  Aggre¬ 
gates  for  Concrete”  of  the  American  Society  for  Testing  Materials.  The  No.  50,  30,  and  16  sieves  are  now 
used  in  all  our  tests. 

**The  sum  of  percentages  in  sieve  analysis,  divided  by  100. 
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Water-  Ratio  to  Volume  of  Cement. 

Fig.  1.— Water-ratio  Strength  Relation  for  Concrete  Without 
Tannic  Acid. 


Each  value  is  the  average  of  4  tests  made  on  different  days. 
Points  are  shown  for  7-day  and  1-year  tests  only. 

Compare  Fig.  2  and  3. 
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Table  4.— Effect  of  Tannic  Acid  on  the  Strength  of  Concrete. 

(Mixes  1 :  2  and  1 :  3) 

Compression  tests  of  3  by  6-in.  concrete  cylinders 
Aggregate  sand  and  pebbles  from  Elgin,  Ill. 

Hand-mixed  concrete.  Relative-consistency,  LOO. 

Specimens  were  mixed  5  in  a  batch,  one  for  test  at  each  age. 

In  general,  each  value  is  the  average  of  4  tests  made  on  different  days. 


Aggregate 

Mix,  1 :  2  by  Volume 

Mix,  1  :  3  by  Volume 

Size 

F.M.i 

Water- 

Ratio. 

Compressive  Strength, 
lb.  per  sq.  in. 

Water- 

Ratio. 

Compressive  Strength, 
lb.  per  sq.  in. 

7 

d. 

28 

d. 

3 

m. 

i 

y. 

2 

y. 

Aver¬ 

age. 

7 

d. 

28 

d. 

3 

ra. 

i 

y. 

2 

y. 

Aver¬ 

age. 

0.0  Peb  Cent  Tannic  Acid 


0  to  No.  28 . 

1.73 

0.77 

1050 

2170 

3200 

3800 

4500 

2940 

0.98 

610 

1220 

2280 

2300 

3730 

2030 

0  to  No.  14 . 

2.15 

0.74 

1150 

2410 

2870 

3440 

4740 

2920 

0.94 

800 

1640 

2430 

3150 

4080 

2420 

0  to  No.\  8 . 

2.55 

0.71 

1370 

2630 

3780 

4580 

4700 

3410 

0.89 

890 

1840 

2790 

3500 

4180 

2640 

0  to  No.  4 . 

3.00 

0.69 

1600 

3270 

4050 

5040 

5600 

3910 

0.86 

1090 

2230 

3860 

4340 

5100 

3320 

0  to  Yi  in . 

3.68 

0.65 

1910 

3700 

5140 

5310 

5830 

4380 

0.80 

1440 

2860 

4620 

4850 

5570 

3870 

0  to  %  in . 

4.40 

0.60 

2100 

3910 

5020 

4870 

5450 

4270 

0.73 

1600 

3340 

4690 

5150 

6030 

4160 

Average . 

1530 

3020 

4010 

4510 

5140 

3640 

1070 

2220 

3440 

3880 

4780 

3070 

0.05  Peb  Cent  Tannic  Acid2 


0  to  No.  28 . 

1.73 

0.77 

1050 

2040 

3510 

3960 

4350 

2980 

0.98 

580 

1250 

2000 

2620 

3300 

1950 

0  to  No.  14 . 

2.15 

0.74 

1200 

2390 

3640 

4660 

4640 

3310 

0.94 

660 

1350 

2190 

2960 

3640 

2160 

0  to  No.  8 . 

2.55 

0.71 

1200 

2370 

3730 

4200 

4400 

3180 

0.89 

740 

1490 

2380 

3330 

3870 

2360 

OtoNo.  4 . 

3.00 

0.69 

1370 

3000 

3880 

4290 

5100 

3530 

0.86 

940 

1990 

3060 

3830 

4650 

2890 

0  to  Yz  in . 

3.68 

0.65 

1520 

2620 

4070 

4470 

5600 

3660 

0.80 

1010 

2240 

3290 

4110 

4740 

3080 

0  to  Y  in . 

4.40 

0.60 

1640 

2770 

3940 

4070 

5000 

3480 

0.73 

1160 

2350 

3570 

3720 

4760 

3110 

Average . 

1330 

2530 

3800 

4270 

4850 

3360 

850 

1780 

2750 

3430 

4160 

2590 

0.10  Peb  Cent  Tannic  Acid2 


0  to  No.  28 . 

1.73 

0.77 

880 

1880 

3170 

3470 

4290 

2740 

0.98 

450 

1010 

1460 

2380 

2880 

1640 

0  to  No.  14 . 

2.15 

0.74 

920 

1960 

3370 

3790 

4500 

2910 

0.94 

600 

1330 

1920 

2670 

3140 

1930 

OtoNo.  8 . 

2.55 

0.71 

990 

2180 

3350 

3990 

4820 

3070 

0.89 

630 

1420 

2030 

2490 

3560 

2030 

OtoNo.  4 . 

3.00 

0.69 

1080 

2120 

3560 

2870 

4640 

2850 

0.86 

570 

1270 

2380 

3120 

3480 

2160 

0  to  Yi  in . 

3.68 

0.65 

1410 

2700 

4090 

4120 

5510 

3570 

0.80 

820 

1870 

2960 

3450 

4160 

2650 

0  to  Y  in . 

4.40 

0.60 

1360 

2830 

3940 

4120 

5320 

3510 

0.73 

890 

2000 

3070 

3140 

4500 

2720 

Average . 

1110 

2280 

3580 

3730 

4850 

3110 

660 

1480 

2300 

2870 

3620 

2190 

0.20  Peb  Cent  Tannic  Acid2 


0  to  No.  28 . 

1.73 

0.77 

720 

1570 

2790 

3120 

4230 

2490 

0.98 

340 

820 

1280 

1930 

2400 

1350 

0  to  No.  14 . 

2.15 

0.74 

850 

1650 

2520 

3540 

3470 

2410 

0.94 

440 

1080 

1650 

2350 

2850 

1670 

0  to  No.  8 . 

2.55 

0.71 

970 

1880 

27S0 

3810 

4520 

2790 

0.89 

420 

1090 

1590 

2110 

2720 

1590 

OtoNo.  4 . 

3.00 

0.69 

990 

2000 

3090 

3040 

4920 

2930 

0.86 

500 

1190 

2020 

2700 

3490 

1980 

0  to  Yi  in . 

3.68 

0.05 

1260 

2420 

3440 

3670 

3960 

2950 

0.80 

600 

1540 

2340 

2600 

3740 

2160 

0  to  %  in . 

4.40 

0.60 

1250 

2500 

3220 

3640 

4580 

3040 

0.73 

760 

1460 

2160 

2730 

3620 

2150 

Average . 

1010 

2000 

2970 

3570 

4280 

2770 

510 

1200 

1840 

2400 

3140 

1820 

0.40  Pee  Cent  Tannic  Acid2 


0  to  No.23 . 

1.73 

0.77 

530 

1370 

2000 

3300 

3350 

2110 

0.98 

90 

540 

730 

1430 

1860 

930 

0  to  No.  14 . 

2.15 

0.74 

680 

1330 

1890 

2890 

3200 

2000 

0.94 

•200 

720 

810 

1440 

1900 

1010 

0  to  No.  8 . 

2.55 

0.71 

660 

1480 

2220 

3120 

3860 

2270 

0.89 

220 

750 

950 

1410 

2060 

1080 

to  No.  4 . 

3.00 

0.69 

920 

1710 

2680 

3120 

3690 

2420 

0.86 

460 

1120 

1580 

2200 

3010 

1670 

o  Ys  in . 

3.68 

0.65 

1180 

2040 

2720 

3360 

3970 

2650 

0.80 

430 

1130 

1860 

2620 

3270 

1860 

%in . 

4.40 

0.60 

1040 

2130 

2510 

2920 

3500 

2420 

0.73 

500 

1310 

1940 

2310 

3100 

1830 

erage . 

840 

1680 

2340 

5120 

3600 

2310 

320 

930 

1310 

1900 

2530 

1400 

■Fineness  modulus  of  aggregate;  see  Table  3. 

■Table  6  gives  the  concentration  of  tannic  acid  in  terms  of  the  weight  of  mixing  water. 
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Table  5. — Effect  of  Tannic  Acid  on  the  Strength  of  Concrete. 
(Mixes  1 :  4  and  1:5) 

Compression  tests  of  3  by  6-in.  concrete  cylinders. 

Aggregate  sand  and  pebbles  from  Elgin,  Ill. 

Hand-mixed  concrete.  Relative  consistency,  1.00. 

Specimens  were  mixed  5  in  a  batch,  one  for  test  at  each  age. 

In  general,  each  value  is  the  average  of  4  tests  made  on  different  days. 


Aggregate 

Mix,  1  :  4  by  Volume 

Mix,  1 :  5  by  Volume 

'  Size 

F.M.i 

Water- 

Ratio. 

Compressive  Strength, 
lb.  per  sq.  in. 

Water- 

Ratio. 

Compressive  Strength, 
lb.  per  sq.  in. 

7 

d. 

28 

d. 

3 

m. 

i 

y. 

2 

y. 

Aver¬ 

age. 

7 

d. 

28 

d. 

3 

m. 

i 

y. 

2 

y. 

Aver¬ 

age. 

0.0  Per  Cent  Tannic  Acid 


0  to  No.  28 . 

1.73 

1.13 

360 

760 

1410 

1760 

2480 

1350 

1.38 

230 

500 

820 

1390 

1600 

910 

0  to  No.  14 . 

2. 15 

1.07 

410 

910 

1600 

2390 

2600 

1580 

1.31 

290 

610 

1040 

1410 

1630 

1000 

0  to  No.  8 . 

2.55 

1.00 

460 

1000 

1700 

2320 

2660 

1630 

1.23 

340 

750 

1170 

1590 

1970 

1160 

0  to  No.  4 . 

3.00 

0.95 

630 

1270 

2360 

3200 

3810 

2250 

1.18 

450 

920 

1550 

2140 

2570 

1530 

0  to  M  in . 

3.G8 

0.88 

840 

1700 

3220 

3390 

4140 

2660 

1.09 

570 

1220 

1920 

2350 

3300 

1870 

0  to  M  in . 

4.40 

0.77 

1080 

2210 

3440 

3810 

4990 

3110 

0.97 

890 

1770 

2870 

3430 

4400 

2670 

Average . 

630 

1310 

2290 

2810 

3450 

2100 

460 

960 

1560 

2050 

2580 

1520 

0.05  Per  Cent  Tannic  Acid2 


0  to  Np.  28 . 

1.73 

1.13 

370 

730 

1290 

1960 

2260 

1320 

1.38 

180 

480 

800 

1010 

1410 

780 

0  to  No.  14 . 

2.15 

1.07 

320 

790 

1520 

1950 

2520 

1420 

1.31 

240 

500 

830 

1300 

1600 

890 

0  to  No.  8 . 

2.55 

1.00 

470 

890 

1680 

2160 

2450 

1530 

1.23 

260 

600 

900 

1490 

1700 

990 

0  to  No.  4 . 

3.00 

0.95 

480 

1180 

2020 

2700 

3320 

1940 

1.18 

350 

710 

1300 

1880 

2220 

1290 

0  to  %  in . 

3.68 

0.88 

550 

1330 

2110 

2950 

3230 

2030 

1.09 

380 

970 

1420 

2090 

2620 

1500 

0  to  M  in . 

4.40 

0.77 

780 

.1550 

2690 

3380 

3840 

2450 

0.97 

550 

1200 

2070 

2450 

3350 

1920 

Average . 

500 

1080 

1880 

2520 

2940 

1780 

330 

740 

1220 

1700 

2150 

1230 

0.10  Per  Cent  Tannic  Acid2 


0  to  No.  28 . 

1.73 

1.13 

170 

640 

880 

1530 

1740 

990 

1.38 

130 

400 

030 

1090 

1450 

740 

0  to  No.  14 . 

2.15 

1.07 

340 

730 

1280 

1890 

2230 

1290 

1.31 

200 

460 

760 

1100 

1540 

810 

0  to  No.  8 . 

2.55 

1.00 

320 

750 

1360 

2160 

2580 

1430 

1.23 

210 

420 

910 

1180 

1600 

860 

0  to  No.  4 . 

3.00 

0.95 

380 

910 

1730 

2620 

2720 

1670 

1.18 

240 

620 

950 

1440 

1470 

940 

0  to  Ys  in . 

3.08 

0.88 

560 

1060 

2020 

3140 

2600 

1880 

1.09 

310 

840 

1320 

1780 

2460 

1340 

O'  to  M  in . 

4.40 

0.77 

760 

1170 

2480 

3030 

2670 

2020 

0.97 

500 

1020 

1660 

1970 

2290 

1490 

Average . 

420 

880 

1620 

2390 

2420 

1550 

260 

630 

1040 

1430 

1800 

1030 

0.20  Per  Cen^  Tannic  Acid2 


0  to  No.  28 . 

1.73 

1.13 

250 

480 

850 

1680 

1730 

1000 

1.38 

130 

320 

460 

750 

1290 

590 

0  to  No.  14 . 

2.15 

1.07 

420 

610 

1030 

1370 

2030 

1090 

1.31 

150 

290 

520 

820 

1030 

560 

0  to  No.  8 . 

2.55 

1 . 00 

470 

840 

1350 

1770 

2120 

1310 

1.23 

170 

460 

580 

1020 

1280 

700 

0  to  No.  4 . 

3.00 

0.95 

800 

940 

1070 

2140 

2190 

1450 

1.18 

250 

370 

680 

800 

1940 

810 

0  to  Vs  in . 

3.68 

0.88 

360 

930 

1490 

2140 

2500 

1480 

1.09 

200 

490 

890 

1120 

1650 

870 

0  to  M  in . 

4.40 

0.77 

380 

970 

2200 

2660 

2910 

1820 

0.97 

240 

670 

1020 

1490 

2000 

1080 

Average . 

360 

800 

1430 

1960 

2250 

1360 

190 

430 

690 

1000 

1530 

770 

0.40  Per  Cent  Tannic  Acid2 


0  to  No.  28 . 

1.73 

1.13 

310 

540 

700 

1050 

1560 

830 

1.38 

70a 

190a 

780 

610 

1150 

560 

0  to  No.  .14 . 

2.15 

1.07 

230 

450 

840 

1030 

1950 

900 

1.31 

90 

220 

420 

920 

1190 

570 

0  to  No.  8 . 

2.55 

1.00 

140 

480 

910 

1290 

1820 

930 

1.23 

80 

210 

440a 

a850 

1230a 

560 

0  to  No,  4 . 

3.00 

0.95 

340 

1070 

1520 

1900 

2780 

1520 

1.18 

100 

300 

480 

870 

1260 

600 

0  to  Vi  in . 

3.68 

0.88 

410 

1020 

1640 

1940 

2260 

1450 

1.09 

160 

510 

740 

980 

1500 

780 

0  to  M  in . 

4.40 

0.77 

440 

1060 

1440 

1890 

2340 

1430 

0.97 

200 

580 

980 

1350 

1490 

920 

Average . 

310 

770 

1180 

1520 

2120 

1180 

120 

340 

640 

930 

1300 

670 

1  Fineness  modulus  of  aggregate;  see  Table  3. 

2  Table  6  gives  the  concentration  of  tannic  acid  in  terms  of  jihe  weight  of  mixing  water 
a  Values  interpolated  on  account  of  disintegration  of  some  of  the  specimens. 
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Discussion  of  Tests. 

The.  methods  followed  in  making  these  tests  gave  consistent  results 
throughout  the  series.  While  it  is  impracticable  to  deal  with  one  phase 
of  this  subject  to  the  exclusion  of  all  others,  the  results  of  the  tests  will 
be  discussed  under  a  number  of  different  headings.  It  should  be  under¬ 
stood,  however,  that  all  of  these  topics  were  studied  in  the  same  tests ; 
consequently  there  is  of  necessity  some  overlapping  in  the  discussion. 

Effect  of  Quantity  of  Mixing  Water. — The  effect  of  water  is  mentioned 
first,  due  to  the  fundamental  influence  of  this  factor  on  the  strength  and 


Water.- Ratio  to  Volume  of  Cement. 

Fig.  2. — Water-ratio  Strength  Relation  for  Concrete  with  0.10  Per 
Cent  Tannic  Acid. 

Each  value  is  the  average  of  4  tests  made  on  different  days. 

Points  are  shown  for  7-day  and  1-year  tests  only. 

Compare  Fig.  1  and  3. 


Effect  of  Tannic  Acid  in  Concrete. 
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Table  6. — Effect  of  Tannic  Acid  on  the 


Strength  of  Concrete. 


Data  as  in  Tables  4  and  5,  expressed  as  percentage  of  strength  of  concrete  from  clean  aggregate. 


Size  of 

-  Aggregate 

Tannic 

Acid 

Per  Cent  of  Strength  of 
Concrete  with  Clean 
Aggregates 

Tannic 

Acid 

Per  Cent  of  Strength  of 
Concrete  with  Clean 
Aggregates 

(1)| 

(2) 

7  1 
d.  1 

28 

d. 

3 

m. 

1 

y- 

2 

y. 

Aver¬ 

age 

(1) 

(2) 

7  1 
d.  1 

28 

d. 

3  1 
m.  1 

;.i 

2 

y- 

Aver¬ 

age 

Mix,  1 

2  bv  Volume 

Mix,  1  :  3  by  Volume 

0  to  No.  28 . 

3.21 

100 

94 

110 

103 

96 

101 

0.05 

0.24 

95 

103 

88 

114 

89 

98 

3.23 

102 

99 

126 

136 

98 

112 

1.27 

82 

82 

90 

94 

89 

87 

. . . . 

3.25 

88 

90 

98 

92 

94 

92 

1.30 

83 

81 

86 

94 

93 

87 

.  .  .  . 

.  .  .  . 

D.  27 

86 

92 

96 

85 

91 

90 

1.32 

87 

89 

79 

88 

91 

87 

.  .  .  . 

0.30 

80 

71 

79 

84 

96 

82 

1.36 

71 

78 

71 

85 

85 

78 

0  to  %  in . 

0.34 

78 

71 

79 

84 

92 

81 

0.42 

73 

71 

76 

72 

79 

74 

0.27 

89 

86 

98 

97 

94 

93 

0.32 

82 

84 

82 

91 

88 

85 

0  to  No  28 . 

n  in 

0.42 

84 

86 

99 

91 

95 

91 

0.10 

0.49 

74 

82 

64 

104 

78 

80 

0.46 

80 

81 

118 

110 

95 

97 

1.53 

75 

81 

79 

85 

77 

79 

0.50 

73 

83 

89 

87 

103 

87 

0.59 

71 

77 

73 

71 

85 

75 

0.54 

68 

88 

57 

83 

72 

0.64 

52 

57 

62 

72 

68 

62 

0.60 

74 

73 

79 

77 

95 

80 

1.72 

57 

66 

64 

71 

75 

67 

0  to  %  in . 

0.08 

65 

72 

79 

85 

98 

80 

0.84 

56 

60 

66 

61 

74 

63 

Average . 

0.53 

74 

77 

92 

84 

95 

84 

0.64 

64 

70 

68 

77 

76 

71 

0  to  No.  28 . 

0.20 

0.84 

98 

72 

87 

82 

94 

81 

0.20 

0.98 

56 

67 

56 

84 

65 

66 

0.92 

74 

68 

87 

103 

73 

81 

1.06 

55 

66 

68 

74 

70 

67 

1.00 

71 

71 

74 

83 

96 

79 

1.18 

47 

59 

57 

61 

65 

58 

1.08 

62 

61 

76 

72 

88 

72 

.  1 

1.28 

46 

54 

52 

62 

68 

56 

0  to  in . 

1.20 

66 

65 

57 

69 

68 

67 

1.44 

42 

54 

51 

54 

67 

54 

0  to  %  in . 

1.38 

59 

64 

64 

75 

84 

69 

1.68 

48 

44 

46 

53 

60 

50 

1.07 

67 

67 

76 

81 

84 

75 

1.27 

49 

57 

55 

65 

66 

58 

0  to  No.  28 . 

0.40 

1.66 

51 

63 

62 

87 

74 

67 

0.40 

1.96 

15 

44 

32 

62 

53 

41 

1.84 

59 

55 

66 

84 

68 

66 

2.12 

25 

44 

33 

46 

46 

39 

2.00 

48 

59 

68 

82 

63 

2.36 

25 

41 

34 

40 

49 

38 

2.16 

57 

52 

66 

62 

66 

61 

2.56 

42 

50 

41 

51 

59 

49 

2.40 

62 

55 

53 

63 

68 

60 

2.88 

30 

39 

40 

54 

59 

44 

0  to  in . 

2.76 

49 

•54 

50 

60 

64 

00 

3.36 

31 

39 

41 

45 

51 

41 

Average . 

2.14 

54 

56 

59 

71 

70 

62 

2.54 

28 

43 

37 

50 

53 

42 

Mix,  1 : 

4  by  Volume 

Mix,  1 : 5  by  Volume 

0  to  No.  28 . 

0.05 

0.28 

103 

96 

92 

111 

91 

99 

0.05 

0.29 

78 

96 

98 

72 

88 

86 

0.31 

78 

87 

95 

82 

97 

88 

0.32 

83 

82 

80 

92 

98 

87 

0.35 

102 

89 

99 

93 

92 

95 

0.36 

77 

80 

77 

94 

80 

83 

0.39 

76 

93 

86 

85 

87 

85 

0.39 

78 

77 

84 

88 

90 

83 

0.44 

66 

77 

66 

87 

78 

75 

0.44 

61 

79 

74 

89 

79 

76 

0  to  54  in . 

0.53 

72 

70 

78 

89 

77 

77 

..... 

0.53 

62 

68 

72 

71 

76 

70 

0.38 

83 

85 

86 

91 

87 

86 

0.39 

73 

80 

81 

84 

86 

81 

0  to  No.  28 . 

0.10 

0.57 

47 

84 

63 

87 

70 

70 

0.10 

0.58 

57 

80 

77 

78 

90 

76 

0.62 

83 

80 

80 

79 

86 

82 

0.64 

69 

75 

73 

78 

94 

78 

0.70 

70 

75 

80 

93 

97 

83 

0.72 

62 

56 

78 

74 

81 

70 

0.78 

61 

72 

73 

82 

71 

72 

0.78 

53 

67 

61 

67 

57 

61 

0  to  %  in . 

0.88 

67 

62 

62 

93 

63 

69 

0.88 

54 

69 

68 

76 

74 

68 

0  to  %  in . 

1.0b 

70 

53 

72 

79 

54 

66 

1  05 

56 

58 

58 

57 

52 

50 

0.77 

66 

71 

72 

86 

74 

74 

0.78 

58 

68 

69 

72 

75 

68 

0  to  No.  28 . 

0.20 

1.14 

70 

63 

60 

95 

70 

'  72 

0.20 

1.16 

57 

64 

56 

54 

80 

62 

1.24 

102 

67 

64 

57 

78 

74 

1.21 

52 

48 

50 

58 

63 

54 

1.41 

102 

84 

79 

76 

79 

84 

1.44 

50 

61 

50 

64 

65 

58 

1.56 

48 

74 

71 

67 

57 

63 

1.56 

56 

40 

44 

37 

70 

51 

1.7( 

43 

54 

46 

63 

61 

53 

1.7b 

35 

40 

46 

48 

50 

44 

0  to  %  in . 

2  r 

35 

44 

64 

70 

58 

54 

2.11 

27 

38 

35 

43 

45 

38 

67 

61 

64 

71 

67 

67 

1.55 

46 

48 

47 

51 

63 

51 

0  to  No.  28 . 

0.4C 

2.28 

86 

71 

50 

60 

63 

66 

0.41 

2.32 

31 

38 

95 

44 

72 

56 

2.48 

49 

52 

43 

75 

55 

2.51 

31 

36 

40 

65 

73 

49 

0  to  No.  8  .... 

2.81 

30 

48 

54 

68 

51 

2.88 

24 

28 

38 

54 

62 

41 

0  to  No.  4 . 

3.1'. 

54 

85 

64 

59 

73 

67 

3. 12 

22 

33 

31 

41 

49 

35 

3.51 

49 

61 

51 

57 

55 

55 

3.55 

28 

42 

39 

42 

45 

39 

0  to  %  in . 

4.2- 

41 

48 

42 

50 

47 

46 

4. 2C 

22 

33 

33 

39 

34 

32 

Average. .  . . 

3.08 

53 

60 

52 

54 

64 

57 

|3. 1C 

26 

35 

46 

48 

56 

42 

(1)  Tannic  acid  per  cent  of  weight  of  aggregate.  (2)  Per  cent  of  weight  of  mixing  water  (concentration) 
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other  properties  of  the  concrete.  The  quantity  of  water  used  is  expressed 
in  terms  of  the  “water-ratio”  which  is  obtained  by  dividing  the  volume  of 
water  by  the  (loose)  volume  of  the  cement  in  the  batch.  Cement  is  con¬ 
sidered  as  weighing  94  lb.  per  cu.  ft.'  A  rich  mix  will  have  a  lower  “water- 
ratio”  than  a  lean  one  if  the  same  aggregate  is  used  and  the  concrete  is 
mixed  to  a  uniform  plasticity.  The  quantity  of  water  used  may  be  ex¬ 
pressed  in  terms  of  gallons  per  sack  of  cement. 

Fig.  1  to  3  show  the  relation  between  the  water-ratio  and  the  com¬ 
pressive  strength  at  different  ages  for  concrete  without  tannic  acid  and 
with  0.1  and  0.4  per  cent  tannic  acid.  Similar  sets  of  curves  may  be  drawn 
for  0.05  and  0.2  per  cent  tannic  acid.  The  individual  points  are  platted 
for  7-day  and  1-year  tests  only.  These  figures  show : 


Water-Ratio  to  Volume  of  Cement. 


Fig.  3. — Water-ratio  Strength  Relation  for  Concrete  with  0.40  Per 
Cent  Tannic  Acid. 

Each  value  is  the  average  of  4  tests  made  on  different  days. 

Points  are  shown  for  7-day  and  1-year  tests  only. 

Compare  Fig.  1  and  2. 


Effect  of  Tannic  Acid  in  Concrete. 
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1.  The  age  of  the  concrete  and  the  presence  of  tannic  acid  change 
the  strength  of  the  concrete,  but  the  same  type  of  relation  is  preserved 
for  all  conditions. 

2.  The  strength  of  the  concrete  is  rapidly  reduced  with  the  increase 
in'  water-ratio  for  all  ages  and  all  percentages  of  tannic  acid. 

3.  A  constant  relation  exists  between  strength  of  concrete  and  the 
water-ratio,  regardless  of  mix  or  size  and  grading  of  aggregate. 

4.  The  more  tannic  acid  used,  the  lower  the  strength  of  the  concrete 
for  all  mixes,  ages  and  sizes  of  aggregate. 

The  tests  in  this  series  confirm  the  results  of  many  other  investigations 
carried  out  in  this  Laboratory  in  showing  that  the  water-ratio  determines 
the  strength  of  the  concrete,  so  far  as  the  quantity  of  cement  and  the  size 
and  grading  of  aggregate  are  concerned,  and  so  long  as  the  concrete  is 
plastic  and  the  aggregate  is  not  graded  too  coarse  for  the  quantity  of 
cement  used.  The  water-ratio-strength  curves  for  these  tests  are  of  the 
form : 


where  5  =  compressive  strength  of  concrete  and  x  =  water-ratio  of  mix 
(an  exponent).  A  and  B  are  constants  which  depend  on  the  quality  of 
the  cement  and  the  conditions  of  the  test. 


Tannic  Acid,  Percent  of  Aggregate 

Fig.  4.— Effect  of  Tannic  Acid  on  the  Strength  of  Concrete,  of 
Different  Mixtures. 

In  general,  the  values  are  the  average  of  120  tests  from  6  sizes 
of  aggregate  and  5  ages.  Compare  Fig.  5. 
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The  28-day  tests  without  tannic  acid  (Fig.  1)  conform  to  the  relation 
expressed  by  the  equation  : 


s_  24000 
18.6* 


(2) 


flie  corresponding  equations  for  other  ages  are  given  in  Fig.  1. 
Equations  of  similar  form  may  be  derived  for  other  percentages  of  tannic 
acid.  The  relation  between  strength  and  water-ratio  for  specimens  with 
0.10  per  cent  and  0.40  per  cent  of  tannic  acid  is  platted  in  Fig.  2  and  3. 

Certain  other  series  of  concrete  tests  made  in  this  Laboratory  conform 
more  closely  to  a  curve  of  somewhat  different  type,  which,  however,  gives 
essentially  the  same  values  for  the  usual  range  of  concrete  mixtures.  The 


Tannic  Acid,  Percent  of  Aggregate. 


Fig.  5. — Effect  of  Tannic  Acid  on  the  Strength  of  Concrete  of 
Different  Mixtures. 


Same  data  as  in  Fig.  4,  except  that  values  are  expressed  as 
percentages  of  the  strength  of  concrete  made  from  clean  aggre¬ 
gates.  lug.  6  shows  the  same  data  in  a  different  form. 


Percentage  Reduction  in  Strength  by  Tannic  Acid. 


Effect  of  Tannic  Acid  in  Concrete. 
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plus  Cement. 

Pig.  6.— Reduction  in  Strength  of  Concrete  of  Different  Mixtures 
by  Tannic  Acid.  : 

In  general,  the  values  are  the  average  of  120  tests  from  6  sizes 
of  aggregate  and  5  ages.  Compare  Fig.  5. 
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type  of  the  curve  is  of  minor  importance;  the  significant  feature  is  that 
the  water-ratio  determines  the  strength  of  the  concrete  for  given  materials. 

Effect  of  Quantity  of  Tannic  Acid. — The  effect  of  quantity  of  tannic 
acid  is  shown  in  a  number  of  the  figures.  In  Fig.  4  the  effect  of  tannic  acid 
is  shown  for  each  mix.  All  ages  and  sizes  of  aggregates  have  been  averaged. 
It  will  be  seen  by  reference  to  Fig.  9  that  the  age  of  the  concrete  has  only 
a  slight  effect.  Each  point  in  Fig.  4  represents  120  tests  from  5  ages  and 
6  sizes  of  aggregate.  In  Fig.  5  the  same  tests  are  platted  using  the  aver¬ 
age  strength  without  tannic  acid  as  100  per  cent.  It  will  be  noted  that 


Cement,  Percent  of  Volume  of  Aggregate 
plus  Cement. 

Fig.  7. — Effect  of  Quantity  of  Cement  on  the  Strength  of  Concrete. 

In  general,  the  values  are  the  average  of  120  tests  from  6  sizes 
of  aggregate  and  S  ages. 

the  curves  are  similar  for  all  mixes,  although  the  reduction  in  strength 
due  to  the  presence  of  tannic  acid  is  considerably  greater  for  the  lean  than 
for  the  rich  mixtures.  Very  small  percentages  of  tannic  acid  as  a  surface 
coating  on  the  aggregate  have  the  effect  of  materially  reducing  the  strength 
of  concrete  for  all  mixes  covered  by  these  tests.  Less  than  0.1  per  cent 
in  terms  of  the  weight  of  the  aggregate  may  reduce  the  strength  to  one- 
half  its  original  value.  For  the  1 :  4  mix  the  strength  was  reduced  about  15 
per  cent  for  0.05  per  cent  tannic  acid;  about  33  per  cent  for  0.10  per  cent 
tannic  acid ;  and  nearly  50  per  cent  for  0.40  per  cent  tannic  acid. 
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These  tests  confirm  the  results  of  earlier  experiments  made  in  this 
Laboratory  so  far  as  the  quantitative  effect  of  organic  impurities  is  con¬ 
cerned. 

Effect  of  Quantity  tof  Cement. — These  tests  give  information  on  the 
effect  of  quantity  of  cement  on  the  strength  of  concrete  with  and  without 
tannic  acid.  Fig.  4  and  5  discussed  above  show  the  effect  of  the  quantity 
of  cement  as  expressed  by  the  mix.  In  Fig.  7  the  results  of  the  tests  are 
platted  with  reference  to  the  percentage  of  cement  in  the  batch.  Fig.  6 
shows  the  average  reduction  in  strength  for  different  percentages  of  tannic 
acid.  The  quantity  of  cement  is  expressed  as  a  percentage  of  the  volume 


Tannic  Acid,  Percent  of  Aggregate 

Fig.  8. — Effect  of  Tannic  Acid  on  the  Strength  of  Concrete  at 
Different  Ages. 

In  general,  the  values  are  the  average  of  96  tests  from  4  mixes 
and  6  sizes  of  aggregate.  Compare  Fig.  9. 

of  the  cement  plus  aggregate.  A  1 :  4  mix  contains  20  per  cent  cement  on 
this  basis;  a  neat  cement  mix  would  be  100  per  cent. 

The  rich  mixtures  are  less  affected  by  tannic  acid  than  the  lean  ones. 
A  1 :  5  mix  was  reduced  in  strength  33  per  cent  by  0.10  per  cent  tannic 
acid;  the  reduction  for  1:4,  1:3  and  1:2  mixes  was  30,  25  and  15  per 
cent,  respectively,  for  the  same  quantity  of  tannic  acid.  It  should  be  noted 
that  these  are  average  values  of  all  ages  and  sizes  of  aggregate.  There 
are  somewhat  less  important  differences  in  strength  due  to  the  age  of  the 
concrete  and  the  size  of  aggregate  as  shown  in  Fig.  9  and  10.  As  indicated 
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in  Table  5,  some  of  the  1 :  5  mixes  with  finer  sands  disintegrated  before 
the  time  of  test.  It  was  impossible  to  remove  the  1 :  7  mixes  from  the 
molds  without  breakage. 

Effect  of  Sice  of  Aggregate. — The  size  and  grading  of  the  aggregate 
is  conveniently  measured  by  its  fineness  modulus.  In  Fig.  10  the  relation 
of  strength  to  tannic  acid  is  shown  for  each  size  of  aggregate.  In  this 


Tannic  Acid,  Percent  of  Aggregate. 

Fig.  9. — Effect  of  Tannic  Acid  on  the  Strength  of  Concrete. 

Same  data  as  in  Fig.  8,  except  that  values  are  expressed  as 
percentages  of  the  strength  of  concrete  made  from  clean  aggre¬ 
gates.  Fig.  IS  shows  the  same  data  in  a  different  form. 

diagram,  mixes  ranging  from  1:5  to  1:2,  and  ages  at  test  ranging  from 
7  days  to  2  years  have  been  averaged.  The  reduction  in  strength  for  each 
percentage  of  tannic  acid  is  shown  in  Fig.  11.  The  finer  sizes  of  sand  are 
less  affected  than  the  coarser  sizes ;  the  coarser  aggregates  suffer  about  20 
per  cent  greater  reduction  in  strength  than  the  finest  sand. 

Fig.  12  shows  the  relation  between  the  fineness  modulus  and  the  com¬ 
pressive  strength  of  the  concrete ;  a  separate  curve  is  drawn  for  each 
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percentage  of  tannic  acid.  For  the  aggregate  gradings  used,  the  strength 
of  the  concrete  increased  with  the  fineness  modulus  of  the  aggregate  for 
all  mixes  and  percentages  of  tannic  acid.  These  curves  bear  out  the  results- 
of  other  tests  made  in  this  Laboratory  with  reference  to  the  use  of  the 


lannic  Acid,  Percent  of  Aggtegafe. 


Fig.  10. — Effect  of  Tannic  Acid  on  the  Strength  of  Concrete  Made  of 
Aggregates  of  Different  Gradings. 

Values  are  expressed  as  percentages  of  strength  of  concrete 
made  from  clean  aggregates.  In  general,  each  value  is  the  aver¬ 
age  of  80  tests  from  4  mixes  and  S  ages.  Fig.  11  shows  the  same 
data  in  a  different  form.  _ 

fineness  modulus  as  a  measure  of  the  size  and  grading  of  aggregates.  It 
was  pointed  out  in  Bulletin  1,  “Design  of  Concrete  Mixtures,”  that  the 
fineness  modulus  may  be  considered  as  a  measure  of  the  quantity  of  water 
required  to  produce  a  concrete  of  uniform  workability.  Since  the  water 
content  dictates  the  strength  of  concrete,  the  fineness  modulus  gives  a  sat¬ 
isfactory  method  of  dealing  with  strength  also. 
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General  Discussion  of  Effect  of  Tannic  Acid  on  the  Strength  of  Con¬ 
crete. — Fig.  16  shows  the  relation  between  the  concentration  of  an  aqueous 
solution  of  tannic  acid  and  the  strength  of  the  concrete  expressed  as  a 
percentage  df  the  strength  of  concrete  containing  no  tannic  acid.  Only 
the  28-day  tests  are  platted.  Similar  curves  may  be  drawn  for  other  ages 
from  the  values  given  in  Table  6. 


Fineness  Modulus  of  Aggregate 

Fig.  11.— Reduction  in  Strength  of  Concrete  by  Tannic  Acid. 

In  general,  the  values  are  the  average  of  80  tests  from  4  mixes 
and  5  ages.  Compare  Fig.  10. 


The  following  equation  represents  the  average  values  in  Fig.  16,  for 
the  range  of  tests  herein  reported: 


P  =  — -t  +  30 

2.1* 


where  P  =  per  cent  of  strength  of  concrete  with  clean  aggregates 
!=  tannic  acid  (per  cent  of  weight  of  mixing  water,  an  exponent). 
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It  was  pointed  out  above  that  there  is  an  intimate  relation  between  the 
strength  of  the  concrete  and  the  water-ratio.  The  water-ratio  may  be 
varied  by  any  one  (or  combinations)  of  the  following  methods: 

1.  Changing  the  mix. 

2.  Changing  the  grading  of  the  aggregate. 

3.  Changing  the  consistency  of  the  concrete. 

In  view  of  the  well-defined  water-ratio-strength  relation  let  us  see  if 
the  relation  brought  out  by  Fig.  16  is  in  agreement  with  the  information 
in  Tables  4,  5  and  6  and  Fig.  5,  6,  10  and  11. 


Fig.  12. — Effect  of  Size  of  Aggregate  on  the  Strength  of  Concrete. 


Mix  1 :  4  by  volume.  In  general,  the  values  are  the  average 
of  20  tests  from  5  ages.  Similar  curves  may  be  drawn  for  1:  2, 

1 :  3  and  1 :  5  mixes. 

Consider  for  example  the  0  to  24-in.  aggregate  coated  with  0.40  per 
cent  tannic  acid.  Assume  this  aggregate  to  be  mixed  in  one-bag  batches 
of  concrete,  using  1 : 2  and  1 : 5  mixes,  respectively.  It  is  obvious  that  the 
quantity  of  tannic  acid  in  the  batch  of  1 :  5  concrete  is  2)4  times  that  in 
thfe  1:2  concrete.  Reference  to  Tables  4  and  5  shows  that  the  increase 
in  water  content  in  the  1 : 5  concrete  over  the  1 : 2  is  only  61  per  cent ; 
therefore,  the  concentration  of  the  tannic  acid  solution  is  less  in  the  richer 
mixtures,  and  accordingly  the  reduction  in  strength  of  the  concrete  is  less. 
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Fig.  10  and  11  and  Table  6  show  that,  other  factors  being  constant, 
concrete  made  from  the  finer  aggregate  is  less  affected  than  that  made 
from  the  coarser  aggregates.  Reference  to  Tables  4  and  5  will  show  that 
concrete  made  from  the  finer  aggregate  contains  more  water  and  there¬ 
fore,  for  a  given  mix,  given  consistency,  and  given  percentage  of  tannic 
acid  (in  terms  of  the  aggregate),  the  concentration  of  the  tannic  acid 
solution  will  be  less  and  consequently  the  reduction  in  strength  of  the  con¬ 
crete  less  for  the  finer  aggregate. 


Mix  1 :  4  by  volume.  In  general,  the  values  are  the  average 
of  24  tests  from  6  sizes  of  aggregate.  Similar  curves  may  be 
drawn  for  the  other  mixes  from  data  in  Tables  4  and  5.  Com¬ 
pare  Fig.  14. 

Effect  of  Consistency  of  Concrete. — In  these  series  of  tests  the  con¬ 
sistency  of  the  concrete  was  not  varied.  However,  the  general  relation 
brought  out  by  Fig.  16  indicates  that  the  wetter  consistencies  would  be  less 
affected  than  the  drier  ones,  since  the  concentration  of  the  tannic  acid  will 
become  less  as  the  consistency  of  the  concrete  is  increased. 

.  Age  of  Concrete. — The  effect  of  age  on  the  strength  of  concrete  is 
shown  in  Fig.  13  to  15.  The  strength  of  the  concrete  increased  with  the 
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Age  at  Test,  Days.(  Logarithmic  Scale) 


Fig.  14. — Effect  of  Age  on  the  Strength  of  Concrete. 

Mix  1:  4  by  volume.  Same  data  as  in  Fig.  13  with  age  platted 
to  logarithmic  scale.  In  general,  the  values  are  the  average  of 
24  tests  from  6  sizes  of  aggregate.  Similar  curves  may  be  drawn 
for  the  other  mixes  from  data  in  Tables  4  and  S. 


Table  7. — Weight  of  Concrete. 

Weights  determined  immediately  after  removal  from  form. 

Each  value  is  based  on  the  weights  of  twenty  3  by  6-in.  cylinders. 

The  presence  of  tannic  acid  had  no  appreciable  influence  on  the  weight  of  the  concrete. 


Weight  of  Concrete,  lb.  per  cu.  ft. 


Size  of  Aggregate 

Mix  1  :  2 

Mix  1  :  3 

Mix  1  :  4 

Mix  1  :  5 

0  to  No.  28 . 

134 

133 

129 

127 

0  to  No.  14 . 

137 

135 

132 

131 

0  to  No.  8 . 

139 

137 

135 

133 

0  to  No.  4 . 

143 

141 

140 

139 

0  to  %,  in . 

146 

145 

143 

143 

0  to  54  in . 

148 

149 

147 

147 

Percentage  Reduction  in  Strength  by  Tannic  Acid. 
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Fig.  15.— Reduction  in  Strength  of  Concrete  of  Different  Ages  by 

Tannic  Acid. 

In  general*  the  values  are  the  average  of  120  tests  from  6  sizes 
of  aggregate  and  S  mixes.  Compare  Fig.  9. 


Effect  of  Tannic  Acid  in  Concrete. 


25 


age  according  to  a  definite  law  for  all  mixes,  both  with  and  without  tannic 
acid.  The  curves  in  Fig.  14  (which  are  the  same  as  Fig.  13,  except  for 
the  age  scale)  show  that  there  is  a  linear  relation  between  the  strength 
of  concrete  and  the  logarithm  of  its  age  up  to  2  years,  so  long  as  the  con¬ 
crete  is  not  allowed  to  dry  out.  Average  strengths  for  1 :  4  concrete  with¬ 
out  tannic  acid  (Fig.  13  and  14)  were  about  as  follows: 


7  days .  600  lb.  per  sq.  in. 

28  “  .  1400  “  “  “  “ 

3  months .  2100  “  “  “  “ 

1  year .  3000  “  “  “  “ 

2  years .  3400  “  “  “  “ 


It  should  be  borne  in  mind  that  the  average  aggregate  was  quite  fine,  con¬ 
sequently  the  above  strengths  are  much  lower  than  would  have  been 
secured  with  the  usual  concrete  aggregates.  Diagrams  similar  to  Fig.  13 
and  14  may  be  drawn  for  the  other  mixes  from  values  in  Tables  4  and  5. 


Tannic  Acid  ,  Percent  of  Weight  of  Mixing  Water. 

Fig.  16. — Effect  of  Tannic  Acid  on  the  Strength  of  Concrete. 

The  values  are  the  average  of  4  tests  made  on  different  days. 
Similar  curves  may  be  drawn  from  data  in  Table  6  for  7-day, 
3-month,  1  and  2-year  tests. 
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Concrete  which  has  thoroughly  dried  out  shows  little  or  no  further  in¬ 
crease  in  strength,  so  long  as  it  remains  dry.  The  relation  between  age 
and  strength  of  concrete  shown  by  these  tests  have  been  brought  out  by 
many  other  groups  of  tests  carried  out  in  this  and  other  laboratories.1 

The  values  in  Fig.  9  and  15  bring  out  the  relative  effect  of  the  age  of 
i he  concrete  as  it  is  influenced  by  the  presence  of  tannic  acid.  In  these 
figures  all  mixes  and  sizes  of  aggregate  have  been  averaged.  At  7  days 
the  strength  is  reduced  by  about  33  per  cent  by  0.10  per  cent  tannic  acid  ; 
for  the  same  condition  the  strength  is  reduced  about  30  per  cent  at  28 
days  and  about  20  per  cent  at  1  and  2  years.  For  all  mixes  and  sizes  of 
aggregate,  the  strength  is  reduced  to  a  greater  extent  at  7  and  28  days 
than  at  1  and  2  years. 

Surface  Loam , — The  tests  and  discussion  show  the  importance  of 
avoiding  the  use  of  sands  containing  organic  impurities.  Surface  loam  ft 
a  common  source  of  organic  material.  Contrary  to  the  conclusions  based 
on  numerous  published  tests,  surface  loam  always  decreases  the  strength 
of  a  properly  proportioned  concrete  due  to  two  distinct  causes : 

1.  Presence  of  organic  materials. 

2.  Additional  water  required  to  produce  a  concrete  of  a  given 

plasticity. 

A  concrete  in  which  the  aggregate  is  too  coarse  for  highest  strength  may 
be  slightly  improved  by  the  addition  of  loam  or  other  finely  divided  mate¬ 
rial.  This  means  simply  that  the  increase  in  strength  due  to  a  better  grad¬ 
ing  of  aggregates  more  than  counter-balances  the  ill  effects  of  the  ad¬ 
mixture. 

Care  should  always  be  taken  to  remove  the  overburden  of  soil  in  sand 
and  gravel  pits.  Washing  when  on  a  comprehensive  scale  is  generally 
effective  in  removing  loam.  A  superficial  examination  may  not  reveal  the 
presence  of  organic  impurities  in  sands.  The  colorimetric  test  described 
below  is  the  only  safe  guide  now  known. 

Test  for  Organic  Impurities  in  Sands. 

Untried  sands  should  always  be  tested  for  organic  impurities  before 
they  are  used  in  concrete.  The  “colorimetric”  test  has  been  found  serv¬ 
iceable  for  this  purpose.  The  test  may  be  made  in  the  field  with  little 
difficulty.  The  field  test  consist  of  shaking  the  sand  thoroughly  in  a  dilute 
solution  of  sodium  hydroxide  (NaOH)  and  observing  the  resultant  color 
after  the  mixture  has  been  allowed  to  stand  for  a  few  hours.  Fill  a 
12-oz.  graduated  prescription  bottle  to  the  4^-oz  mark  with  the  sand  to 
be  tested.  Add  a  3-per-cent  solution  of  sodium  hydroxide  until  the  volume 
of  the  sand  and  solution,  after  shaking,  amounts  to  7  oz.  Shake  thoroughly 
and  let  stand  for  24  hours.  Observe  the  color  of  the  clear  liquid  above 

JSee  “Effect  of  Age  on  the  Strength  of  Concrete,”  by  Duff  A.  Abrams,  Proceed¬ 
ings,  Am.  Soc.  Testing  Mat.,  Vol..  XVIII,  Part  II  (1918),  and  “Some  Tests  on  Age 
and  Strength  of  Concrete,”  by  IT.  F.  Gonnerman,  Proceedings,  American  Concrete 
Institute  (1918). 
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the  sand.  A  good  idea  of  the  quality  of  the  sand  can  be  formed 
earlier  than  24  hours,  although  this  period  is  believed  to  give  best  results. 
If  the  solution  resulting  from  this  treatment  is  colorless,  or  has  a  light 
yellowish  color,  the  sand  may  be  considered  satisfactory  in  so  far  as 
organic  impurities  are  concerned.  On  the  other  hand,  if  a  dark-colored 
solution  is  produced,  the  sand  should  not  be  used  in  high-grade  concrete, 
or  used  only  after  mortar  or  concrete  strength  tests  have  shown  it  to  be 
satisfactory  for  the  purpose. 

The  1919  report  of  Committee  C-9  on  Concrete  and  Concrete  Aggre¬ 
gates  of  the  American  Society  for  Testing  Materials  contains  a  descrip¬ 
tion  of  the  above-mentioned  test  under  the  title  “Abrams-Harder  Field 
Test  for  Organic  Impurities  in  Sands.”  A  colored  plate  which  accompanies 
that  report  wrill  be  of  assistance  in  interpreting  the  results  of  the  colori¬ 
metric?*  test.1 

1 Proceedings ,  Am.  Soc.  Testing  Mat.,  Yol.  XIX,  Part  I,  p.  321  (1919). 
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Tests  made  with  sands  from  various  localities.  Concludes  that  sand  may 
contain  up  to  12%  of  clay  without  injury  and  may  improve  concrete. 

Impurities  in  Sand  for  Concrete,  an  Informal  Discussion,  by  Sanford  E.  Thompson 
and  others; 

Trans.  Am.  Soc.  Civil  Eng.,  v.  65,  p.  252,  1909. 

Experiences  and  tests  with  impure  sands. 

Use  of  Sugar  and  Saccharine  with  Mortars  and  Cements,  by  W.  D’Rohan; 

Cement  World,  v.  4,  p.  44,  1910. 

Action  of  Sulphur  Contained  in  Portland  Cement  and  Slag  Cement,  by  Gobrich ; 

Chem.  Ztg.,  v.  34,  p.  419,  1911. 

Tensile  and  Compressive  Strength  of  Mortar  Containing  Waterproofing  Compounds, 
Tech.  Paper  3,  Bureau  of  Standards,  1912. 

Defective  Concrete  Sands,  by  J.  R.  Freeman; 

Eng.  News,  v.  67,  p.  1022,  1912. 

Tensile  tests  on  1-3  mortar  in  which  sand  from  ordinary  gravel,  apparently 
suitable  for  concrete  work,  gave  low  strengths.  After  washing  sand,  results 
were  normal;  examination  of  wash  water  showed  presence  of  albuminoid  N; 
experiments  by  Mass.  Board  of  Health  using  60  in  100,000  parts  of  H20 
lowered  tensile  strength  of  1-3  mortar  from  219  to  35  lb.  in  7  days,  and 
from  316  to  48  lb.  in  28  days.  E.  E.  Free  claims  that  complex  form  of  tannic 
acid  surrounds  each  sand  grain  and  prevents  union  of  sand  and  cement. 

Further  Thought  on  Physical  Chemistry  of  Defective  Sands,  by  R.  H.  Gaines; 

Eng.  News,  v.  67,  p.  1024,  1912. 

Two  theories  for  prevention  of  reactions  of  compounds. 
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Possible  Explanation  of  Defective  Sands,  by  E.  E.  Free; 

Eng.  News,  v.  67,  p.  1024,  1912. 

Chief  organic  substances  in  soils  investigated  are  dihydroxystearic  acid, 
“gelbsaure”  substances  similar  to  tannic  acid  and  gallic  acids,  and  complex 
humous  compounds  known  as  humic  and  ulmic  acids;  they  are  extractible  with 
or  suspendible  in  water,  possess  colloidal  properties  and  prevent  union  between 
sand  and  cement  if  coated  on  former.  Chief  remedies  are  washing,  burning 
or  addition  of  small  amounts  of  inorganic  salts  or  mineral  acids  such  as  CaO 
or  dilute  HNO3  to  cause  flocculation  of  colloidal  matter. 

Action  of  Various  Substances  on  Cement  Mortars,  by  R.  K.  Meade,  with  discussions; 
Proc.  Am.  Soc.  Testing  Mat.,  p.  813,  1913. 

Action  of  Sugar  and  Vegetable  Oils  in  Concrete,  by  B.  Brooks; 

Eng.  News,  v.  69,  p.  274,  1913. 

Effect  of  Sugar  on  Concrete, 

Eng.  News,  v.  69,  p.  126,  Jan.  16,  1913. 

Influence  of  Organic  Admixtures  on  the  Setting  of  Cement,  by  Benson,  New  hall,  and 
Tremper; 

Jl.  Ind.  &  Eng.  Chem.,  October,  1914. 

Large  number  of  organic  compounds  studied;  results  inconclusive. 

Use  of  Fine  Earth  in  Mortars,  by  Benson  and  Herrick; 

Jl.  Ind.  &  Eng.  Chem.,  October,  1914. 

Cement-earth  mixtures  molded  under  pressure  and  cured  in  steam  at  80  lb. 
per  sq.  in.  showed  considerable  strength. 

Effect  of  Fineness  of  Sand,  Clay  and  Loam  on  the  Strength  of  Mortar,  by  F.  L. 
Roman; 

Eng.  &  Contr.,  v.  43,  p.  403,  May  S,  1915. 

Defective  sands  are  caused  by  organic  material;  small  amount  of  clay  in¬ 
creased  strength. 

Colorimetric  Test  for  Organic  Impurities  in  Sands, 

Report  of  Committee  C-9. 

Proc.  Am.  Soc.  Testing  Mat.,  v.  17,  Part  I,  1917. 

Effect  of  Sugar  in  Concrete, 

Concrete,  August,  1916. 

Tests  made  at  Lewis  Institute;  1-3  mortar  briquettes  and  cylinders  containing 
over  0.05  per  cent  sugar  in  terms  of  sand  either  disintegrated  in  the  storage 
tank  or  gave  very  low  strength. 

Abrams-Harder  Field  Test  for  Organic  Impurities  in  Sands. 

Report  of  Committee  C-9. 

Proc.  Am.  Soc.  Testing  Mat.,  v.  19,  Part  I,  1919. 

Effect  of  Tannic  Acid  in  Concrete,  by  Duff  A.  Abrams; 

Proc.  Am.  Soc.  Testing  Mat.,  v.  20,  Part  I,  1920. 

Bull.  7,  Structural  Materials  Research  Lab. 

Abs.  Public  Works,  v.  50,  p.  425,  May  21,  1921. 

Tannic  acid  used  as  typical  of  organic  impurities  encountered,  in  natural 
sands.  Compression  tests  of  3  by  6-in.  cylinders  of  different  mixes,  consis¬ 
tencies  and  gradings  at  ages  of  7  days  to  2  years.  Reduced  strength  of 
concrete. 

Standard  Method  of  Test  for  Organic  Impurities  in  Sands  for  Concrete; 

Proc.  Am.  Soc.  Testing  Mat.,  Part  I,  1922. 

Gives  method  of  determining  color  value  of  sands  for  concrete. 

Generalizations  on  Influence  of  Substances  on  Cement  and  Concrete,  by  J.  C.  Witt; 
Philippine  Jl.  Science,  v.  17,  No.  10,  1922. 

Effect  of  NaHCOs  and  KHCOa  studied  at  Bureau  of  Science,  Manila.  2700 
tests  indicate  that  cement  mixed  with  normal  solutions  of  these  salts  gave 
slight  decrease  in  strength;  in  many  cases  it  was  increased. 

Sugar  Affects  Concrete,  by  Hundeshagen; 

Zement,  1923. 

Abstract,  Cement  and  Eng.  News,  v.  35,  p.  45,  Sept.,  1923. 

0.1%  sugar  in  cement  slows  set  and  causes  crumbling. 

Effect  of  Sugar  in  Concrete  Mix,  by  M.  Lora; 

Concrete,  v.  22,  p.  160,  April,  1923. 

Failure  of  concrete  foundations  of  Cuba  Northern  Railroad  repair  shops  at 
Moron  due  to  sugar  in  the  sand.  One  of  the  freight  cars  which  carried  the 
sand  had  previously  hauled  sugar  which  was  absorbed  by  the  sand. 
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Effect  of  Sugar  on  Cement  Mortar,  by  J.  Dautrebande; 

Concrete,  v.  22,  p.  161,  April,  1923. 

Effect  of  sugar,  agar,  starch,  tannin,  glycerin,  linseed  oil,  heavy  paraffin 
off,  glue,  lime  and  tannin,  zinc  sulphide,  iron  sulphide,  sulphur  and  fatty 
acids  on  concrete. 

Action  of  Sugar  on  Properties  of  Portland  Cement  Mortar,  by  M.  C.  Teountas; 

Rev.  Mat.  de  Const,  et  Trav.  Pub.,  v.  182,  p.  281,  1924. 

Up  to  4%  sugar  decreased  time  of  set  and  tensile  strength. 

Influence  of  Sugar  and  Similar  Substances  on  Setting  and  Hardening  of  Cement 
and  Cement-Mortars,  by  Burchartz  and  von  Wrochem; 

Zement,  v.  13,  p.  11,  1924. 

1.1%  solution  of  sugar  for  mixing  water  increased  strength  and  specimens 
cracked  under  water.  Cement  has  low  strength  at  7  days  with  1%  solution, 
but  abnormally  high  strength  at  28  days.  1-3  mortar  did  not  develop  high 
strength  at  28  days. 

Tests  of  Impure  Waters  for  Mixing  Concrete,  by  D.  A.  Abrams; 

Proc.  Am.  Concrete  Inst.,  v.  20,  1924. 

Bull.  12,  Structural  Materials  Research  Laboratory,  1925. 

Tests  on  65  samples  including  bog  water,  sea  and  alkali  waters,  mine  and 
mineral  waters,  and  waters  contaminated  with  sewage  and  industrial  wastes. 
Tests  covered  wide  range  of  mixes  and  consistencies,  at  ages  from  3  days  to 
2  1/3  years. 
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FOREWORD 


The  paper  on  the  “Effect  of  Hydrated  Lime  and  Other  Pow¬ 
dered  Admixtures  in  Concrete”  was  originally  published  in  the 
Proceedings  of  the  American  Society  for  Testing  Materials,  Part 
2,  1920.  Acknowledgment  is  made  to  the  Society  for  permission 
to  reprint  the  report  in  Bulletin  form. 

Most  of  the  one,  twro  and  five-year  tests  in  Tables  5,  8,  9, 
14,  15  and  19  have  been  added  since  the  original  publication  of 
this  report  by  the  A.S.T.M. 

Since  the  original  report  was  put  into  type  we  have  made  a 
supplemental  investigation  covering  certain  features  not  studied 
in  the  earlier  tests.  Compression  tests  of  concrete  were  made  on 
1720  6  by  12-in.  cylinders  at  the  age  of  28  days.  The  results  of 
these  tests  were  given  in  the  Appendix,  under  the  title,  “Further 
Tests  of  Hydrated  Lime  in  Concrete.” 

In  the  second  edition  of  this  Bulletin  no  changes  have  been 
made  in  the  text.  Tables  9  and  19  have  been  revised  to  include 
data  of  the  five-year  tests;  Fig.  1,  2  and  4  have  been  revised  to 
include  two  and  five-year  values,  and  Fig.  8  to  include  one-year 
values.  Later  references  have  been  added  in  the  bibliography. 


EFFECT  OF  HYDRATED  LIME  AND  OTHER 
POWDERED  ADMIXTURES  IN  CONCRETE.1 


By  Duff  A.  Abrams. 

Introduction. 

There  is  a  keen  interest  in  engineering  circles  at  the  present 
time  in  the  effect  of  powdered  admixtures  in  portland  cement 
concrete.  Many  types  of  inert  admixtures  have  been  used  design¬ 
edly  or  due  to  their  presence  in  the  aggregate.  The  use  of  sands 
containing  silt  and  crushed  stone  containing  dust  are  usual  exam¬ 
ples  of  powdered  admixtures.  The  so-called  sand-cements  are 
only  another  phase  of  the  same  subject.  The  use  of  hydrated 
lime  in  quantities  up  to  5  or  10  per  cent  of  the  weight  of  the 
cement  has  gained  considerable  vogue  due  to  the  feeling  that  it 
improved  the  workability  of  concrete,  or  increased  the  strength 
and  water-tightness.  Published  tests  may  be  found  which  appear 
to  support  the  above  conclusions.  However,  it  will  be  seen  below 
that  more  thorough  tests  show  the  error  of  these  statements  with 
reference  to  the  strength  and  workability  of  mixtures  usually 
used  for  structural  purposes.  Published  data  on  this  subject  are 
generally  inconclusive  and  conflicting  due  to  lack  of  scope  in  the 
tests,  or  to  confining  the  investigations  to  briquet  tests  of  sand 
mortars.  Water-tightness  was  not  studied  in  this  investigation. 

Studies  of  the  effect  of  admixtures  on  the  strength  and  other 
properties  of  concrete  have  been  under  way  in  this  Laboratory 
for  4  years.  This  report  is  confined  to  powdered  admixtures 
which  are  essentially  inert  in  the  presence  of  water  and  cement, 
as  contrasted  with  liquids  or  soluble  materials.  While  the  major 
portion  of  the  tests  were  made  with  hydrated  lime,  17  other  mate¬ 
rials  were  also  used,  in  order  to  determine  the  general  effect  of 
inert  powdered  admixtures. 

The  concrete  materials  were  of  commercial  quality.  Most 
of  our  studies  were  made  on  compression  tests  of  6  by  12-in. 

1  Authorized  reprint  from  the  Proceedings  of  the  American  Society  for  Testing 
Materials,  Vol.  20,  Part  2,  1920.  The  discussions  of  this  paper  which  appear  in  the 
Proceedings  are  omitted  from  this  Bulletin. 
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concrete  cylinders;  some  investigations  included  also  tension  and 
compression  tests  of  mortar.  An  important  feature  was  the  wear 
tests  of  concrete  made  in  the  Talbot- Jones  rattler.  Bond  tests 
were  made  in  one  series.  Studies  of  evaporation  and  absorption 
were  made  on  concrete  containing  hydrated  lime  and  other  admix¬ 
tures. 

The  concrete  was  mixed  by  hand,  each  specimen  being  made 
from  a  single  batch.  The  quantity  of  admixture  was  generally 
based  on  the  volume  of  the  cement  in  the  batch  and  was  an  addi¬ 
tion  to  rather  than  a  replacement  of  the  cement.  Test  pieces 
were  stored  in  damp  sand  until  the  day  of  test,  unless  otherwise 
noted.  The  average  values  given  in  the  tables  and  diagrams  are 
generally  based  on  5  tests  made  on  different  days;  in  many  in¬ 
stances  10  or  15  tests  were  made.  The  tests  covered  concretes  of 
a  wide  range  of  mixes,  consistencies,  size  and  grading  of  aggre¬ 
gates,  etc.  Tests  were  made  at  ages  of  3  days  to  lx/2  years ;  speci¬ 
mens  are  on  hand  for  test  up  to  5  years. 

This  report  covers  six  different  investigations,  and  includes 
about  20,000  tests.  The  work  was  done  as  a  part  of  the  experi¬ 
mental  researches  in  the  properties  of  concrete  and  concrete  mate¬ 
rials  being  carried  out  through  the  cooperation  of  Lewis  Institute 
and  the  Portland  Cement  Association. 

Outline  of  Tests. 

The  six  series  of  tests  in  which  powdered  admixtures  were 
used,  may  be  characterized  as  follows : 

Series  58  and  59,  Tests  of  Sand  and  Slag  Cements; 

Series  100,  Effect  of  Consistency  on  the  Strength  of  Cement 
Mortars ; 

Series  104,  Effect  of  Hydrated  Lime  on  the  Bond  and  Com¬ 
pressive  Strength  of  Concrete; 

Series  114,  Effect  of  Hydrated  Lime  on  the  Strength  and 
Wear  of  Concrete; 

Series  130,  Effect  of  Powdered  Admixtures  on  the  Strength 
and  Wear  of  Concrete. 

Series  58  (1916). — Tension  and  compression  tests  of  mortar  and 
compression  tests  of  concrete  were  made  at  ages  ranging  from  7  days  to 
1  year,  using  cements  with  which  sand  or  granulated  blast  furnace  slag, 
in  quantities  up  to  50  per  cent  by  weight  were  mixed  prior  to  final  grinding. 
This  series 'included  about  2000  tests;  see  Fig.  11. 
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Series  59  (1916). — Compression  tests  were  made  on  1320  2  by  4-in. 
cylinders  of  1  :  3  mix  at  ages  of  7  and  28  days,  using  sands  of  9  different 
gradings  and  the  same  cements  described  under  Series  58.  See  Fig.  12. 
It  should  be  noted  that  these  cements  were  different  from  those  in  the 
later  investigations ;  in  practically  all  the  later  tests  the  powders  were 
added  to  the  cement  in  the  batch.  In  two  of  the  minor  series  (100  and 
104)  the  admixtures  replaced  cement  at  the  time  the  concrete  was  mixed. 

Series  100  (1917). — A  special  study  was  made  of  the  effect  of  the 
consistency  of  mortars  using  different  percentages  of  hydrated  lime, 
kieselguhr,  kaolin,  powdered  limestone  and  slag.  In  this  series  the  admix¬ 
tures  replaced  equal  volumes  of  cement.  The  consistency  varied  from  dry 
to  very  wet.  Compression  tests  were  made  on  4550  2  by  4-in.  cylinders  at 
ages  of  7  days,  28  days,  3  months,  and  1  year;  see  Fig.  10. 

Series  104  (1918).- — Included  parallel  compression  and  bond  tests  of 

1  :  5  concrete  at  ages  of  7  days  to  1  year.  Hydrated  lime  was  used  as 
an  admixture  replacing  cement  up  to  50  per  cent  of  the  volume  of  cement 
in  the  original  mix.  This  series  comprised  450  tests. 

Scries  114  (1918). — This  was  our  first  comprehensive  investigation  of 
the  effect  of  hydrated  lime  on  the  strength  of  concrete.  The  hydrated 
lime  was  added  to  the  batch  up  to  50  per  cent  by  volume  of  cement.  The 
consistency  was  varied  from  what  we  term  “relative  consistency”  0.90  to 
2.00;  the  mix  from  1  :  9  to  1  :  2  by  volume;  and  the  size  of  aggregate 
from  14-mesh  sand  to  l^-in.  aggregate.  Compression  tests  of  6  by  12-in. 
concrete  cylinders  were  made  at  ages  of  7  days,  28  days,  3  months,  and  1, 

2  and  5-years.  In  one  group  the  curing  condition  of  the  concrete  was 
varied  in  order  to  determine  the  effect  of  hydrated  lime  on  the  strength  of 
concrete  stored  in  damp  sand  for  different  periods  followed  by  air  stor¬ 
age.  (See  Table  9  and  Fig.  9.)  Wear  and  compression  tests  of  concrete 
were  carried  out  for  0,  10  and  33  per  cent  hydrated  lime,  using  a  1  :  4 
mix  with  10  different  aggregate  gradings.  (See  Table  11.)  This  series 
includes  3420  6  by  12-in.  cylinders  and  wear  blocks. 

Series  130  (1919-20). — In  this  investigation  many  of  the  features  of 
Series  114  were  repeated.  Most  of  the  tests  were  made  with  high  cal¬ 
cium  hydrated  lime;  in  one  group  high  magnesium  lime  and  17  other  pow¬ 
dered  materials  were  used.  (See  Tables  3,  13,  15.)  The  mix  varied  from 
1  :  9  to  1  :  2;  consistency  from  dry  to  very  wet  (relative  consistency 
0.90  to  2.00)  ;  size  of  aggregate  from  28-mesh  sand  to  l)4-inch  graded 
aggregate.  In  general  powdered  admixtures  were  used  in  quantities  up 
to  50  per  cent  of  the  volume  of  the  cement. 

Compression  tests  of  6  by  12-in.  cylinders  were  made  at  ages  of  3, 
7  and  28  days,  3  months  and  1  year.  Wear  tests  were  made  on  concrete 
blocks  at  age  of  3  months,  with  mixtures  ranging  from  1  :  4)4  to  1  :  2)4, 
using  hydrated  lime  up  to  33  per  cent.  In  this  series,  a  special  effort  was 
made  to  study  the  effect  of  admixtures  on  the  plasticity  or  workability 
of  the  concrete  by  means  of  the  slump  test.  This  series  included  about 
7500  tests. 
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Materials. 

The  concrete  materials  used  in  these  investigations  were  of 
commercial  quality.  In  general  the  cements  were  mixtures  of 
equal  -parts  of  4  or  5  brands  of  portland  cement  purchased  in 
the  Chicago  market.  In  Series  58  and  59  sand  and  slag  cements 
were  prepared  by  grinding  a  portland  cement  with  10  to  50  per 
cent  of  the  admixture  (by  weight)  in  a  laboratory  tube  mill. 
In  proportioning,  all  cements  were  assumed  to  weigh  94  lb.  per 
cu.  ft.  Mortar  strengths  and  miscellaneous  tests  of  the  cements 
are  given  in  Table  1. 

The  aggregates  consisted  of  sand  and  gravel  from  the  Elgin, 
Ill.,  pit  of  the  Chicago  Gravel  Company.  This  is  a  well-graded 
material  with  a  preponderance  of  limestone  particles. 

In  many  of  the  tests  the  aggregates  were  separated  into  a 
number  of  sizes  by  the  screens  mentioned  below  and  recombined 
in  order  to  secure  predetermined  sieve  analyses.  The  sieve  analy¬ 
ses  of  one  group  of  aggregates  graded  in  such  a  way  as  to  give 
a  constant  fineness  modulus  are  given  in  Table  11. 

Sieve  analysis,  unit  weights  and  fineness  moduli  of  the  aggre- 
*  gates  are  given  in  Table  2.  The  fineness  modulus  is  used  as  a 
measure  of  the  size  and  grading  of  the  aggregate;  it  is  the  sum 
of  the  percentages  in  the  sieve  analysis,  divided  by  100,  using 
the  following  sizes  from  the  W.  S.  Tyler  Company’s  standard 
screen  scale:  100,  48,  28,  14,  8,  4,  Y  in.,  Y\  in.,  and  1)4  in.1 

The  principal  admixture  used  in  this  investigation  was  high 
calcium  hydrated  lime.  In  Series  130  high  magnesium  lime  and 
17  other  admixtures  were  used.  The  miscellaneous  admixtures 
were,  in  general,  of  about  the  same  fineness  as  commercial  port- 
land  cement.  Many  of  them  were  ground  in  a  laboratory  tube 
mill. 

The  fineness,  unit  weight  and  normal  consistency  of  the 
admixtures  are  given  in  Table  3.  In  the  case  of  hydrated  lime, 
kieselguhr,  mica  and  a  few  other  admixtures,  it  was  impossible 
to  determine  the  fineness  by  the  ordinary  sieving  methods,  hence 
values  are  not  reported.  Normal  consistency  was  determined  by 
the  Vicat  needle  by  the  method  used  for  portland  cement. 

The  water  used  was  from  Lake  Michigan. 

1  For  further  details  concerning  the  fineness  modulus  of  aggregate,  see  “Design  of 
Concrete  Mixtures,”  Bulletin  1,  Structural  Materials  Research  Laboratory,  Lewis  Insti¬ 
tute,  Chicago. 
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Test  Pieces. 

The  size  and  number  of  test  pieces  in  each  series  are  indicated 
under  Outline  of  Tests.  All  test  pieces  were  made  in  metal 
forms.  The  concrete  mixes  are  expressed  as  one  part  cement 
to  a  given  number  of  volumes  of  aggregate  mixed  as  used.  For 
example  a  1  :  5  mix  indicates  that  1  cu.  ft.  of  cement  is  combined 
with  5  cu.  ft.  of  mixed  aggregate ;  this  mixture  is  about  equivalent 
to  the  ordinary  1  :  2  :  4.  The  actual  quantities  of  materials  for 
a  batch  were  determined  by  weight.  The  quantity  of  concrete 
required  for  one  specimen  was  proportioned  and  mixed  separately. 
Mixing  was  done  by  hand  with  a  bricklayer’s  trowel  in  a  gal¬ 
vanized  iron  pan. 

The  consistency  of  the  concrete  is  an  important  feature.  The 
quality  of  water  required  by  a  unit  volume  of  concrete  will  depend 
on  the  following  factors : 

1.  The  “workability”  of  the  concrete. 

2.  The  quantity  of  cement  (the  mix)  ; 

3.  The  normal  consistency  of  the  cement; 

4.  The  size  and  grading  of  the  aggregate; 

5.  The  absorption  of  the  aggregate; 

6.  The  water  contained  in  the  aggregate ; 

7.  The  normal  consistency  of  the  admixtures; 

8.  The  quantity  of  admixture. 

In  proportioning  the  quantity  of  water  for  a  batch  of  con¬ 
crete  in  experimental  work  where  we  are  endeavoring  to  establish 
fundamental  principles,  it  is  necessary  to  take  all  these  factors  into 
account.  The  quantity  of  the  water  to  be  used  in  a  given  batch 
was  calculated  by  a  formula  which  had  been  derived  from  earlier 
tests. 

For  the  tests  in  Series  130,  the  plastic  condition  of  the  con¬ 
crete  was  determined  by  the  “slump  test.”  This  test  was  made 
by  placing  the  specimens  in  a  6  by  12-in.  steel  cylinder  form*  in 
the  usual  manner,  by  puddling  in  3  layers  with  a  ^-in.  steel  bar 
pointed  at  the  lower  end.  Immediately  after  molding,  the  form 
was  slipped  off  by  a  steady  upward  pull.  The  shortening  of  the 
cylinder  measured  in  inches  is  the  “slump.”  A  relative  consist¬ 
ency  of  1.00  or  normal  consistency  is  such  as  will  give  a  slump 
of  about  >2  to  1  in.  Other  “relative  consistencies”  require  a  pro- 

*  The  present  standard  form  for  slump  test  is  a  truncated  cone  having  a  top 
diameter  of  4  in.  and  bottom  diameter  of  8  in.  and  height  of  12  in.  See  A.S.T.M. 
“Standard  Method  of  Test  for  Consistency  of  Portland-Cement  Concrete.” 
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portional  part  of  the  quantity  of  water  necessary  for  normal  con¬ 
sistency.  For  example,  a  relative  consistency  of  1.10  requires 
10  per  cent  more  water  than  normal  consistency. 

In  discussing  the  effect  of  water  in  concrete,  the  quantity 
of  water  is  expressed  in  terms  of  the  volume  of  cement;  this  is 
the  water-ratio. 

The  concrete  was  placed  in  the  6  by  12-in.  cylinder  molds 
in  layers  of  about  4  in. ;  each  layer  was  puddled  by  means  of  a 
in.  round  steel  bar.  The  cylinders  were  capped  when  molded 
by  means  of  neat  cement  paste  and  a  piece  of  plate  glass.  The 
cylinders  were  removed  from  the  forms  on  the  day  following 
molding,  except  for  the  1  :  9  mix,  which  in  some  instances  re¬ 
mained  in  the  forms  2  days.  In  each  series  of  investigations,  one 
round  of  specimens  was  completed  before  the  second  round  was 
begun.  In  this  way  each  value  is  the  average  of  5  or  more  entirely 
independent  tests,  made  on  different  days. 

Wear  tests  were  made  on  concrete  blocks,  8  by  8  by  5  in. 
These  blocks  were  molded  in  the  same  manner  as  indicated  for 
the  cylinders.  The  top  surface  was  finished  with  a  wood  float 
and  covered  with  building  paper  and  damp  sand  until  the  forms 
were  removed. 

The  bond-test  pieces  were  made  by  imbedding  24-in.  lengths 
of  1-in.  plain  round  bars  axially  in  8  by  8-in.  concrete  cylinders. 

All  specimens  were  stored  in  damp  sand  until  time  of  test, 
unless  otherwise  noted. 

Methods  of  Testing. 

Mortar  strength  and  miscellaneous  tests  of  cement  were  made 
in  accordance  with  the  standard  methods  of  the  American  Society 
for  Testing  Materials. 

Compression  tests  of  mortar  cylinders  were  made  in  a  40,000- 
lb.  Riehle  testing  machine.  The  6  by  12-in.  concrete  cylinders 
were  tested  in  a  200,000-lb.  Olsen  machine.  A  spherical  bearing 
block  was  used  on  top  of  the  cylinders. 

Wear  tests  were  made  in  the  Talbot-Jones  rattler,  using 
blocks  8  in.  square  and  5  in.  thick.  The  blocks  were  placed  as 
shown  in  Fig.  14.  The  outside  diameter  of  the  ten-sided  polygon 
thus  formed  is  36  in.  During  the  test  the  front  of  the  chamber 
was  closed  by  means  of  a  steel  plate.  The  abrasive  charge  con¬ 
sisted  of  200  lb.  of  cast-iron  balls  (10  of  324-in.  and  about  140 
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of  1^8-in.  diameter).  These  balls  conform  to  the  requirements 
for  the  standard  rattler  test  of  paving  bricks  of  the  American 
Society  for  Testing  Materials. 

The  test  consisted  of  exposing  the  inner  faces  of  the  concrete 
blocks  to  the  wearing  action  of  the  charge  for  1800  revolutions 
at  the  rate  of  30  r.p.m.  The  machine  was  run  for  900  revolu¬ 
tions  in  one  direction,  then  reversed.  The  loss  in  weight  during 
the  test  reduced  to  an  equivalent  depth  was  used  as  a  measure  of 
the  wear. 

Tests  of  bond  between  concrete  and  steel  consisted  of  pullout 
tests  of  1-in.  plain  round  steel  bars  imbedded  8  in.  in  an  8-in.  con¬ 
crete  cylinder.  Slip-of-bar  measurements  were  made  during  the 
test.  The  method  of  conducting  the  tests  was  similar  to  that 
used  by  the  writer  at  the  Universtiy  of  Illinois.1 

Evaporation  and  absorption  tests  were  made  by  weighing 
the  blocks  used  in  the  wear  tests. 

Test  Data. 

Practically  all  of  the  test  data  from  the  six  investigations 
of  powdered  admixtures  mentioned  above  are  given  in  the  attached 
tables  and  diagrams.  Most  consideration  has  been  given  to  the 
results  of  tests  in  Series  114  and  130;  in  making  these  tests  we 
had  the  benefit  of  the  data  and  experience  gained  in  earlier  work. 
The  principal  results  of  tests  in  each  of  Series  58,  59  and  100, 
are  presented  by  a  single  diagram;  see  Fig.  10,  11  and  12.  The 
tests  in  Series  104  are  given  in  Table  10. 

The  values  given  in  the  tables  and  diagrams  are  in  general 
the  average  of  five  or  more  tests.  In  the  discussion  all  values 
are  given  equal  weight  whether  based  on  5,  10  or  15  tests.  In 
many  instances  the  results  of  tests  of  concrete  containing  pow¬ 
dered  admixtures  have  been  reduced  to  (a)  percentages  of  the 
strength  of  similar  concrete  without  admixtures;  ( b )  per  cent 
change  in  strength  due  to  the  presence  of  admixtures.  These 
methods  are  helpful  in  showing  the  effect  at  a  glance. 

Discussion  of  Tests. 

Due  to  the  large  number  of  tests  covered  by  this  report  the 
discussion  will  necessarily  be  confined  to  the  most  important 

1  See  “Tests  of  Bond  between  Concrete  and  Steel,”  Bulletin  71,  University  of  Illi¬ 
nois  Eng.  Exp.  Station. 
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topics.  For  many  other  features  the  reader  must  refer  to  the 
accompanying  tables  and  diagrams.  An  excellent  check  on  the 
uniformity  of  the  tests  is  found  in  the  concordance  of  the  data  as 
shown  by  the  regularity  of  the  points  on  the  curves,  and  from 
the  fact  that  tests  made  in  different  series  at  intervals  of  several 
months  give  essentially  the  same  results.  The  word  concrete  is 
here  used  in  its  general  sense  to  include  what  are  usually  referred 
to  as  mortar  mixes. 

The  general  effect  of  admixtures  is  to-  reduce  the  strength 
of  concrete  in  proportion  to  the  quantity  of  admixture  used. 
Some  exceptions  to  this  general  conclusion  are  mentioned  below. 

Effect  of  Hydrated  Lime  as  an  Admixture  in  Concrete. 

The  principal  tests  with  hydrated  lime  are  given  in  Tables 
4  to  12;  the  change  in  strength  is  shown  in  Tables  17  to  19.  It 
is  impracticable  in  all  cases  to  discuss  separately  the  effects  due  to 
different  causes,  owing  to  the  fact  that  in  many  instances  two  or 
more  factors,  such  as  mix,  consistency,  size  of  aggregate,  age,  etc., 
were  varied  simultaneously.  Unless  otherwise  noted,  the  quantity 
of  hydrated  lime  is  expressed  in  terms  of  the  volume  of  cement 
and  was  added  to  the  cement.  If  it  is  desired  to  deal  with  weights, 
the  necessary  data  will  be  found  in  Table  3. 

Concrete  of  Different  Consistencies. — The  effect  of  hydrated 
lime,  using  concrete  of  different  consistencies  is  shown  in  Table 
4.  The  consistencies  ranged  from  relative  consistency  0.90  (dry) 
to  2.00  (very  wet),  the  mix  from  1  :  9  to  1  :  2.  Tests  were 
made  at  28  days  in  Series  130.  Similar  tests  for  1  :  4  mix  only 
were  made  in  Series  114,  at  ages  of  7  days  to  1  year.  See  Fig.  1. 

The  strength  of  the  concrete,  both  with  and  without  hydrated 
lime,  was  reduced  by  the  addition  of  water.  The  maximum 
strength  was  found  for  relative  consistency  of  0.90.  The  strength 
of  the  concrete  was  reduced  by  hydrated  lime  for  all  consistencies 
and  ages.  The  percentage  reduction  in  strength  for  different 
consistencies  is  shown  in  Tables  18  and  19.  These  values  were 
calculated  from  the  slopes  of  the  curves  in  Fig.  1  and  3.  It  will 
be  noted  that  in  these  figures  the  relation  between-  the  strength  and 
volume  of  hydrated  lime  used  is  essentially  a  linear  one.  The 
wetter  consistencies  are  more  affected  by  the  presence  of  hydrated 
lime  than  the  drier  ones.  In  Series  130,  in  the  case  of  the  1  :  4 
mix,  representing  concrete  of  the  quality  used  in  road  construe- 
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tion,  the  reduction  in  strength  at  28  days  for  relative  consistency 
1.00,  is  0.48  per  cent  for  each  1  per  cent  of  hydrated  lime;  for 
relative  consistency  2.00,  this  value  is  increased  to  0.62  per  cent. 
In  Series  114  the  corresponding  values  are  0.66  and  0.74. 

Water  Constant. — Table  12  gives  the  results  of  a  series  of 
tests  in  which  hydrated  lime  up  to  50  per  cent  of  the  volume  of 
the  cement  was  used  in  mixes  of  1  :  5,  1  :  4  and  1  :  3  proportion. 
The  concrete  was  mixed  with  a  quantity  of  water  which  gave  a 
normal  consistency  with  50  per  cent  of  hydrated  lime;  other 
batches  were  mixed  with  the  same  quantity  of  water.  This  gave 
a  graduated  series  of  consistencies,  the  mix  without  hydrated  lime 
being  considerably  wetter  than  the  others.  These  tests  show  that 
with  the  water  constant,  the  strength  of  concrete  is  practically 
uniform. 

Water-Ratio-Strength  Relation. — The  water-ratio  is  defined 
as  the  ratio  of  the  volume  of  water  to  volume  of  cement  in  the 
batch,  considering  94  lb.  of  cement  as  1  cu.  ft.  Many  previous 
investigations  have  shown  that  there  is  a  fixed  relation  between 
the  water-ratio  and  the  strength  of  concrete,  regardless  of  the 
reason  for  the  use  of  a  particular  quantity  of  water,  so  long  as 
the  concrete  is  plastic  and  the  aggregate  is  not  too  coarse  for  the 
quantity  of  cement  used.  The  water-ratio-strength  relation  is 
platted  in  Fig;  7  for  certain  28-day  tests  without  hydrated  lime 
and  with  50  per  cent  hydrated  lime.  Similar  curves  may  be 
drawn  for  other  percentages.  In  computing  the  water-ratio,  all 
water  except  that  absorbed  by  the  aggregate,  was  accredited  to 
the  cement;  that  is,  the  water  absorbed  by  the  hydrated  lime  was 
not  deducted.  These  curves  show  that  the  water-ratio-strength 
relation  holds  with  and  without  hydrated  lime,  although  the  rela¬ 
tion  is  not  the  same.  It  was  found  impracticable  to  determine 
the  absorption  of  hydrated  lime,  although  it  is  probable  that  if 
correction  could  be  made  for  this  factor,  the  water-ratio-strength 
relation  would  be  found  to  hold  for  concrete  containing  admix¬ 
tures  in  the  same  manner  as  has  been  found  for  those  without 
admixtures.  The  water-ratio  of  1  :  4  mix,  relative  consistency 
1.10,  with  aggregate  of  fineness  modulus  5.75,  without  hydrated 
lime  is  0.78;  with  50  per  cent  hydrated  lime  it  is  1.00.  The 
strength  in  the  first  instance  is  3100  lb.  per  sq.  in.,  while  with  the 
50  per  cent  hydrated  lime  it  is  2400  lb.  per  sq.  in.  These  curves 
bring  out  the  water-ratio-strength  relation  for  given  conditions 
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but  do  not  show  directly  the  effect  of  hydrated  lime  on  the  strength 
of  concrete. 

The  water-ratio-strength  relation  for  tests  in  Series  100  is 
shown  in  Fig.  10. 

Mix. — The  effect  of  hydrated  lime  on  the  strength  of  con¬ 
crete  of  different  mixes  is  shown  in  Tables  4  to  7,  12  and  14,  and 
Fig.  2  to  5.  The  change  in  strength  of  concrete  of  different 
mixes,  due  to  hydrated  lime,  is  shown  in  Tables  18  and  19.  In 
general  the  strength  of  concrete  was  reduced  by  hydrated  lime 
for  all  mixes.  The  leaner  mixes  are,  however,  reduced  only  to  a 
slight  extent  and  the  1  :  9  mix  (about  the  same  as  the  usual 
1  :  M/2  :  7  mix)  gave  a  slight  increase  in  strength  with  hydrated 
lime.  This  slight  increase  in  strength  of  the  lean  mixes  was  prob¬ 
ably  due  to  the  fact  that  the  aggregate  was  graded  too  coarse  for 
the  quantity  of  cement;  in  other  words,  the  admixture  slightly 
improved  the  grading  by  supplying  fine  material. 

For  the  ordinary  range  of  mixes  and  consistencies  (1  :  5  to 
1  :  4,  and  relative  consistency  1.00  to  1.25),  the  strength  of  the 
concrete  was  reduced  0.50  per  cent  for  each  1  per  cent  of  hydrated 
lime,  in  terms  of  volume  of  cement. 

In  arriving  at  this  value,  richer  and  leaner  mixtures  and  wet¬ 
ter  and  drier  mixtures  than  those  indicated  were  not  considered. 
The  following  were  also  excluded  on  account  of  not  being  in  the 
category  of  usual  concrete  mixtures : 

(a)  Concrete  of  aggregates  smaller  than  ^-in. 

( b )  Aggregates  graded  to  1 in.,  but  coarser  or  finer  than 
is  good  practice  (fineness  modulus  lower  than  5.50  or  higher  than 
6.00  in  Table  6). 

(c)  Tests  in  Table  10  in  which  cement  was  replaced  by 
hydrated  lime. 

( d )  Tests  in  Table  11  in  which  a  constant  quantity  of  mix¬ 
ing  water  was  used. 

Size  and  Grading  of  Aggregate. — A  distinction  is  made  be¬ 
tween  size  and  grading  of  aggregate.  The  size  refers  to  changes 
in  the  maximum  size  with  a  given  type  of  sieve  analysis ;  grading 
refers  to  the  type  of  the  sieve  analysis  curve  for  a  given  maxi¬ 
mum  size.  The  fineness  modulus  of  the  aggregate  is  used  as  a 
measure  of  the  size  and  grading.  Low  values  of  fineness  modulus 
correspond  to  finer  aggregates ;  higher  values  to  coarser. 

The  results  of  tests  from  Series  114  and  130  on  1  :  5  and 
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1  :  4  mixes  are  given  in  Table  7.  The  aggregate  ranged  in  size 
from  28-mesh  sand  up  to  lj4-in.  graded  aggregate.  The  per¬ 
centage  change  in  strength,  due  to  the  presence  of  hydrated  lime 
is  given  in  Table  17.  The  finer  sands  showed  a  slight  increase  in 
strength  while  the  aggregate  graded  above  in.  in  size  showed  a 
decrease  in  strength  with  the  addition  of  hydrated  lime. 

One  group  of  tests  was  made  with  aggregates  of  different 
gradings  in  mixes  1  :  9  to  1  :  2;  see  Table  6  and  Fig.  5.  The 
different  values  of  fineness  modulus  were  secured  by  mixing  well- 
graded  sand  and  pebbles  (up  to  \y2  in.)  in  varying  proportions. 
For  the  low  values  of  fineness  modulus  a  large  percentage  of  sand 
was  used;  for  high  values  the  percentage  was  small.  The  sand 
had  a  fineness  modulus  of  3.0  and  the  coarse  aggregate  a  fineness 
modulus  of  7.0) ;  hence,  by  mixing  these  materials  in  different  pro¬ 
portions,  any  value  betweefl  these  limits  can  be  secured.  For  the 
usual  mixes  with  aggregates  graded  up  to  \y2  in.  values  of  fineness 
modulus  of  5.5  to  6.0  give  best  results.  The  change  in  strength, 
due  to  hydrated  lime  will  be  found  in  Table  18.  For  the  usual 
grading  and  mixes,  hydrated  lime  gave  the  same  reduction  in 
strength  noted  above  from  another  group  of  tests;  that  is,  0.50 
per  cent  for  each  1  per  cent  of  hydrated  lime.  In  the  finer  grad¬ 
ings  (low  fineness  modulus)  the  strength  showed  less  reduction 
and  for  leaner  mixtures  a  slight  increase  in  strength  with  hydrated 
lime.  A  similar  relation  was  found  for  the  very  coarse  aggregates 
(fineness  modulus  6.50  and  6.75).  These  results  should  be  com¬ 
pared  with  those  found  for  fine  sands  and  lean  mixes  discussed 
above. 

These  tests  bring  out  the  fact  that  tests  on  sand  mortars  are 
not  a  safe  guide  as  to  what  happens  in  concrete,  since  the  compres¬ 
sion  tests  of  sand  mixtures  gave  a  slight  increase  in  strength  with 
the  addition  of  hydrated  lime,  while  the  usual  concrete  mixes  show 
a  material  reduction  in  strength. 

In  Table  11,  ten  different  gradings  of  aggregate  were  made  up 
in  such  a  manner  as  to  give  a  uniform  fineness  modulus  of  6.04, 
using  a  1  :  4  mix  at  28  days.  Hydrated  lime  was  used  in  per¬ 
centages  0,  10,  and  33.  The  mean  variation  of  the  tests  from 
the  average  is  4.2  per  cent,  indicating  a  practically  uniform 
strength  regardless  of  the  widest  variation  in  the  grading  of  the 
aggregate-  The  tests  with  and  without  hydrated  lime  showed  the 
same  relation  so  far  as  grading  of  aggregate  is  concerned.  How- 
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ever,  the  strength  was  reduced  in  all  cases  due  to  the  presence  of 
hydrated  lime.  The  reduction  in  strength  was  0.50  per  cent  for 
each  1  per  cent  hydrated  lime. 

High  Magnesium  versus  High  Calcium  Hydrated  Lime. — 
Most  of  the  tests  were  made  with  high  calcium  lime;  in  Series  130 
high  magnesium  hydrated  lime  was  also  used.  Compression  tests 
of  1  : 4  concrete  were  made  at  ages  of  3  days  to  1  year.  Both 
types  of  hydrated  lime  gave  the  same  results ;  the  values  in  many 
instances  were  almost  identical ;  see  Tables  14  and  19. 

Curing  Condition. — The  effect  of  hydrated  lime  on  the 
strength  of  concrete  cured  under  different  conditions  is  shown 
in  Table  9  and  Fig.  9.  Tests  were  made  on  a  1  :  4  mix,  using 
0,  10  and  33  per  cent  hydrated  lime.  Specimens  were  stored  in 
damp  sand  for  periods  ranging  from  1  day  to  1  year,  after  which 
they  were  stored  in  air  until  tested  at  ages  ranging  from  7  days 
to  18  months.  The  actual  strengths  were  also  reduced  to  per¬ 
centages  of  the  strength  of  the  concrete  stored  in  damp  sand 
through  the  entire  curing  period.  If  the  presence  of  hydrated 
lime  had  a  beneficial  influence  on  the  strength  of  concrete  stored 
in  air  subsequent  to  the  period  stored  in  damp  sand,  the  curves 
in  Fig.  9  should  show  an  upward  trend.  In  general  these  curves 
are  practically  horizontal  or  show  only  a  slight  upward  trend, 
indicating  that  hydrated  lime  was  of  no  material  benefit  in  raising 
the  relative  strength;  while  the  actual  strength  was  in  general 
reduced  by  hydrated  lime.  In  this  group  of  tests  care  must  be 
taken  to  distinguish  between  the  curing  period  and  the  age  at  test. 
The  discussion  below  on  the  evaporation  and  absorption  also 
throws  interesting  light  on  this  phase  of  the  effect  of  hydrated 
lime  in  concrete. 

Evaporation  and  Absorption. — In  order  to  determine  the  ef¬ 
fect  of  hydrated  lime  and  other  admixtures  on  the  evaporation 
and  absorption  of  water,  careful  weights  were  made  on  the  wear 
blocks  in  Series  130.  The  results  of  wear  tests  are  given  in 
Tables  20  and  21. 

The  results  of  evaporation  and  absorption  tests  are  given  in 
Fig.  13.  The  evaporation  was  determined  by  weighing  the  blocks 
upon  removal  from  damp  sand  at  the  age  of  14  days  and  at  inter¬ 
vals  up  to  the  time  they  were  tested  at  the  age  of  3  months.  The 
tests  show  that  all  the  admixtures  gave  essentially  the  same  re¬ 
sults  ;  that  evaporation  occurred  more  rapidly  in  the  leaner  mixes 
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than  in  the  richer  ones,  and  that  the  evaporation  was  slightly 
more  rapid  with  hydrated  lime  than  without,  although  there  was 
little  difference  for  quantities  of  hydrated  lime  less  than  10  per 
cent.  The  blocks  gained  slightly  in  weight  during  the  storage  in 
damp  sand.  After  storage  for  10  weeks  in  air  they  showed  a 
loss  in  weight  of  about  2^4  per  cent — equivalent  to  25  to  30  per 
cent  of  the  original  mixing  water. 

Bond  Tests. — Tests  of  bond  between  concrete  and  steel  were 
carried  out  in  Series  104.  The  results  of  parallel  bond  and  com¬ 
pression  tests  on  a  1  :  5  mix,  using  hydrated  lime  up  to  50  per 
cent,  are  given  in  Table  10.  It  should  be  noted  that  in  this  series 
the  hydrated  lime  replaced  an  equal  volume  of  cement ;  conse¬ 
quently  the  quantity  of  cement  decreased  as  the  percentage  of 
hydrated  lime  increased.  This  arrangement,  of  course,  gave  a 
much  greater  reduction  in  strength  due  to  hydrated  lime  than  was 
found  in  the  tests  in  which  the  hydrated  lime  was  added  to  a  con¬ 
stant  volume  of  cement.  The  bond  resistance  was  affected  in  the 
same  manner  by  the  addition  of  hydrated  lime  as  the  compressive 
strength. 

Density  and  Yield. — The  density  and  yield  of  concrete  were 
determined  for  all  conditions.  It  is  impracticable  to  give  all  of 
the  results  of  these  tests.  However,  the  general  trend  of  the 
values  may  be  seen  from  Tables  22  and  23. 

The  density  was  calculated  from  the  dimensions  of  the  speci¬ 
mens,  the  volumes  of  materials  used  in  the  batch  and  the  unit 
weight  of  the  concrete.  The  density  may  be  defined  as  the  ratio 
of  the  total  volume  of  solids  in  the  mass  to  the  volume  of  concrete. 
It  will  be  noted  that  the  maximum  density  was  produced  by  the 
leaner  mixes.  As  the  proportion  of  cement  increased  the  density 
was  reduced.  The  density  was  also  materially  reduced  by  increas¬ 
ing  the  water  content.  Density  was  slightly  reduced  by  the  addi¬ 
tion  of  hydrated  lime;  the  addition  of  50  per  cent  of  hydrated  lime 
to  a  1  :  4  mix,  consistency  1.10,  reduced  the  density  about  4  per 
cent. 

The  yield  expresses  the  volume  of  finished  concrete  in  terms 
of  the  volume  of  mixed  aggregate  as  used. 

The  yield  of  concrete  increased  with  the  addition  of  powdered 
materials.  The  richer  mixes  were  more  affected  than  the  leaner 
ones.  For  mixtures  richer  than  1  :  6,  hydrated  lime  increased  the 
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volume  of  concrete  50  to  60  per  cent  of  the  volume  of  loose  lime 
added.  For  other  materials  the  increase  in  volume  (yield)  appears 
to  be  proportional  to  the  total  volume  of  solid  material  in  the 
admixture. 

Plasticity  of  Concrete. — In  Series  130  the  plasticity  of  the 
concrete  was  measured  by  means  of  the  slump  test  described 
above.  A  high  value  of  slump  indicates  a  more  plastic  concrete 
than  a  low  one.  Table  16  gives  the  results  of  on£  group  of  tests 
in  which  the  mix  and  consistency  were  varied.  The  slump  was 
only  slightly  affected  by  the  presence  of  hydrated  lime  up  to  50 
per  cent  in  the  usual  concrete  mixtures.  In  the  leaner  mixes  the 
slump  was  in  general  increased  by  the  addition  of  hydrated  lime. 
For  the  richer  mixes  the  slump  was  decreased. 

Addition  versus  Replacement. — Fig.  6  gives  the  relative 
strength  of  concrete  for  different  mixtures  and  percentages  of 
lime.  This  figure  is  based  on  tests  in  which  hydrated  lime  was 
added  to  the  cement.  The  curves  in  the  upper  right  corner  illus¬ 
trate  the  method  of  calculating  the  effect  of  replacing  cement  by 
hydrated  lime.  In  general  the  reduction  in  strength  caused  by 
replacing  cement  by  hydrated  lime  was  about  1^4  times  that 
caused  by  adding  hydrated  lime  to  cement. 

Miscellaneous  Powdered  Admixtures  in  Concrete 

In  addition  to  hydrated  lime,  compression  tests  of  concrete 
were  made  on  17  different  powdered  admixtures;  see  Table  3. 
The  results  of  compression  tests  are  given  in  Tables  12  to  14. 
Wear  tests  were  also  made  with  a  portion  of  these  admixtures; 
see  Tables  20  and  21.  For  compression  tests  of  mortars  of 
miscellaneous  admixtures  made  in  Series  100;  see  Fig.  10. 

In  studying  the  effect  of  admixtures,  curves  were  platted 
showing  the  relation  between  the  strength  of  concrete  and  per¬ 
centage  of  material  added;  see  Fig.  1  to  5.  In  general  these  curves 
are  essentially  straight  lines,  consequently  the  slope  represents 
the  rate  of  change  of  strength  with  the  percentages  of  admixtures. 
Most  of  these  admixtures  gave  essentially  the  same  results  and 
showed  the  same  effect  as  hydrated  lime.  Usual  concrete  mix¬ 
tures  were  reduced  in  strength.  The  only  exception  to  this  state¬ 
ment  is  pulverized  blast  furnace  slag.  Gypsum  gave  a  much 
greater  reduction  in  strength  than  any  of  the  other  materials. 
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Brick. — Common  building  brick  from  the  Chicago  district, 
crushed  and  pulverized,  was  used.  The  tests  showed  that  the 
strength  of  1  :  4  concrete  at  28  days  was  reduced  0.08  per  cent' 
for  each  1  per  cent  addition  of  powdered  brick  in  terms  of  the 
volume  of  cement. 

Clay. — The  clay  used  was  a  light  fluffy  material  from  South 
Amboy,  N.  J.  The  strength  of  concrete  was  reduced  0.22  per 
cent  for  each  1  per  cent  of  this  material. 

Fluorspar. — The  fluorspar  was  obtained  from  a  mine  at 
Shawneetown,  Ill.  Concrete  strength  was  reduced  0.43  per  cent. 

Gypsum. — A  first-settle  gypsum  without  retarder  was  used. 
The  strength  was  slightly  increased  by  1  or  2  per  cent  of  gypsum 
at  ages  of  3  and  7  days.  The  reduction  in  strength  was  very 
pronounced  for  quantities  higher  than  5  per  cent  at  all  ages. 
The  average  reduction  was  about  4  per  cent  for  each  1  per  cent 
of  gypsum. 

Hydrated  Lime.— Under  the  same  conditions  as  used  in  tests 
of  other  admixtures,  hydrated  lime  showed  a  reduction  in  strength 
of  0.56  per  cent.  In  using  0.50  per  cent  in  the  foregoing  discus¬ 
sion  a  large  number  of  tests  from  different  series  using  different 
mixes,  consistencies  and  ages  were  averaged. 

Ironite. — Ground  cast  iron  weighing  186  lb.  per  cu.  ft.,  con¬ 
siderably  coarser  than  other  admixtures  (residue  of  45  per  cent 
on  100-mesh  sieve),  used  in  quantities  up  to  10  per  cent  only, 
reduced  the  strength  of  concrete  0.16  per  cent. 

Kaolin. — Kaolin  reduced  the  strength  0.41  per  cent. 

Kieselguhr. — Kieselguhr,  from  a  California  deposit,  was  the 
lightest  of  the  admixtures  used  (weight,  13  lb.  per  cu.  ft.).  The 
strength  of  concrete  was  reduced  0.48  per  cent. 

Lava. — Ground  lava  rock  from  Twin  Falls,  Idaho,  reduced 
the  strength  of  concrete  0.40  per  cent. 

Limestone. — Pulverized  limestone  from  the  Chicago  district, 
ground  to  a  residue  of  10  per  cent  on  a  200-mesh  sieve  reduced 
the  strength  0.39  per  cent  for  each  1  per  cent  of  limestone. 

Mica. — The  material  used  was  a  white  flake  mica  ground  in 
a  laboratory  tube  mill.  At  earlier  ages  the  strength  of  the  con¬ 
crete  was  slightly  increased  with  the  smaller  percentages  of  mica. 
At  28  days  and  later  periods  the  strength  was  reduced  about  1.1 
per  cent  for  each  1  per  cent  admixture.  These  tests  do  not  bear 
out  the  conclusions  based  on  published  reports  which  show  a 
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Very  great  reduction  in  mortar  strength  due  to  mica.  Other  tests 
are  now  under  way  in  w.hich  a  number  of  micaceous  sands  will 
be  used. 

Natural  Cement. — Natural  cement  purchased  in  the  Chicago 
market,  was  used  in  both  compression  and  wear  tests.  (See  Tables 
8,  14  and  20.)  These  tests  included  mixtures  from  straight  port- 
land  to  straight  natural  cements.  While  natural  cement  gave  a 
considerable  strength  when  used  alone,  it  is  interesting  to  note 
that  when  mixed  with  portland  cement  it  caused  a  reduction  in 
strength  for  all  percentages  and  for  all  consistencies  and  ages  of 
concrete  and  gave  results  comparable  in  every  way  with  other 
admixtures.  Under  the  conditions  mentioned  above,  the  strength 
of  concrete  was  reduced  0.38  per  cent  for  each  1  per  cent  added. 

Pitch. — Pitch  was  pulverized  to  a  very  fine  powder ;  the 
fineness  could  not  be  determined  by  ordinary  sieving  methods. 
So  far  as  the  writer  is  aware,  no  one  has  advocated  the  use  of 
this  material  in  concrete;  it  was  included  in  this  investigation 
in  order  to  study  the  effect  of  a  powder  of  unusual  origin  on  the 
strength  of  concrete.  The  strength  was  reduced  1.5  per  cent  for 
each  1  per  cent  of  pitch. 

Sand. — Clean  silica  drift  sand  from  the  Chicago  district, 
ground  to  the  fineness  of  portland  cement,  reduced  the  strength 
of  concrete  0.37  per  cent  for  each  1  per  cent  sand. 

Slag. — Granulated  blast  furnace  slag  ground  in  the  labora¬ 
tory  to  the  fineness  of  portland  cement.  The  results  of  tests  with 
slag  differed  essentially  from  all  other  admixtures  in  that  the 
strength  of  concrete  was  slightly  increased  for  all  quantities  up 
to  50  per  cent  of  the  volume  of  the  cement  which  was  the  high¬ 
est  value  used.  This  statement  applies  to  mixes  from  1  :  9  to 
1  :  4,  for  different  consistencies  and  ages.  The  1  :  3  mix  showed 
a  slight  loss  in  strength  with  the  addition  of  slag.  For  the  condi¬ 
tions  discussed  for  other  admixtures  the  slag  increased  the  strength 
0.12  per  cent  for  each  1  per  cent  added.  A  similar  relation  has 
been  pointed  out  by  other  writers  both  in  this  country  and  Europe. 
This  result  has  been  explained  as  due  to  chemical  reactions  between 
the  slag  and  certain  compounds  in  the  cement.  The  principal 
constituents  of  this  slag  were:  SiOa,  34.8  per  cent;  CaO,  42.6 
per  cent;  A1203,  15.0  per  cent;  Fe203,  3.7  per  cent. 

Tufa. — Tufa,  a  light,  loosely-formed  natural  rock  from 
Mount  Angel,  Ore.,  ground  with  difficulty,  reduced  the  strength 
of  concrete  0.51  per  cent. 
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Whiting. — Commercial  grade  of  whiting,  reduced  the  strength 
of  concrete  0.24  per  cent. 

Yellow  Ochre. — Yellow  ochre  from  Cartersville,  Ga.,  reduced 
the  strength  of  concrete  0.68  per  cent. 

Effect  of  Admixtures  on  the  Wear  of  Concrete. 

Three  different  groups  of  wear  tests  were  carried  out;  see 
Tables  11,  20  and  21.  All  wear  tests  were  made  in  the  Talbot- 
Jones  rattler,  using  8  by  8  by  5-in.  concrete  blocks.  The  wear 
blocks  were  tested  at  3  months  after  14  days  in  damp  sand,  fol¬ 
lowed  by  air  storage.  Wear  tests  were  made  with  admixtures  of 
hydrated  lime,  kieselguhr,  powdered  limestone,  slag,  sand,  and 
natural  cement.  This  test  was  of  such  severity  as  to  produce  a 
wear  of  0.4  to  0.5  in. 

Slag  showed  the  best  results  since  the  wear  was  no  greater 
with  33  per  cent  slag  than  with  straight  cement ;  sand  gave  nearly 
as  good  results  as  slag;  the  other  admixtures  may  be  placed  in 
the  following  order  of  merit ;  hydrated  lime,  natural  cement,  lime¬ 
stone  and  kieselguhr.  There  seems  to  be  little  reason  for  using 
these  materials  in  concrete  roads  and  other  concrete  subjected  to 
wear;  it  is  of  interest  to  know  that  some  of  them  do  little  or  no 
harm.  The  principal  danger  from  the  use  of  admixtures  in  road 
concrete  is  that  any  excess  of  mixing  water  will  cause  the  fine 
material  to  be  floated  to  the  surface  and  thus  give  concrete  of 
inferior  wearing  resistance.  The  same  statement  applies  to  silt 
in  sands  and  to  crusher  dust.  Silt  may  contain  organic  impuri¬ 
ties  which  materially  reduce  the  strength  of  concrete.1 

Sand  and  Slag  Cements.2 

Two  of  the  earlier  investigations  included  tension  and  com¬ 
pression  tests  of  mortar  and  concrete  using  sand  and  slag  cements. 
In  the  preparation  of  these  materials,  the  sand  or  slag  was  added 
to  the  cement  before  final  grinding.  The  tests  are  summarized 
in  Fig.  11  and  12.  Mortar  and  miscellaneous  tests  are  given  in 

1  See  “Effect  of  Tannic  Acid  on  the  Strength  of  Concrete,”  by  Duff  A.  Abrams, 
Appendix  2,  Report  of  Committee  C-9  on  Concrete  and  Concrete  Aggregates,  Pro¬ 
ceedings  Am.  Soc.  Testing  Materials,  Vol.  20,  Part  1,  p.  309  (1920).  [Reprinted  as 
Bulletin  7  Structural  Materials  Research  Laboratory.] 

2  The  term  “slag  cement”  is  used  in  this  paper  to  designate  a  mixture  of  Portland 
cement  with  various  percentages  of  pulverized  granulated  blast  furnace  slag.  The  slag 
may  be  simply  mixed  or  ground  with  the  cement;  in  our  case  it  was  mixed.  Care 
should  be  taken  to  distinguish  between  our  usage  and  the  same  term  applied  to  a  pro¬ 
duct  resulting  from  grinding  slag  with  hydrated  lime.  Our  use  of  “slag  cement”  is 
cognate  with  “sand  cement.” 
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Table  1.  The  slag  cements  showed  more  favorable  results  in  all 
cases  than  the  sand  cements ;  slag  up  to  10  per  cent  produced  no 
appreciable  reduction  in  strength  of  1  :  2  :  4  concrete;  for  50 
per  cent  slag  the  concrete  strength  was  reduced  to  65  per  cent  of 
the  strength  with  cement  only.  Mortar  strengths  were  less 
affected  than  the  concrete;  the  lean  briquets  showed  a  strength 
with  50  per  cent  slag  of  about  95  per  cent  of  cement  only.  It  will 
be  seen  that  the  concrete  tests  do  not  bear  out  the  indications  of 
the  briquet  tests.  The  compression  tests  of  1  :  2  mortar,  Fig.  11, 
show  essentially  the  same  result  as  the  concrete. 

Sand  cements  give  less  favorable  results  than  the  slag  cements. 
In  comparing  these  tests  with  the  results  from  other  admixtures 
it  should  be  borne  in  mind  that  here  cement  was  replaced  by  sand 
or  slag.  In  general  the  effects  of  admixtures  ground  with  cement 
are  similar  to  those  found  with  same  materials  simply  mixed.  Of 
course,  some  consideration  must  be  given  to  the  effect  of  the  finer 
grinding  of  the  cement  in  increasing  the  strength  of  the  concrete.1 
It  was  impracticable  to  determine  how  much  the  fineness  of  the 
cement  was  changed  by  the  addition  of  different  percentages  of 
sand  or  slag. 


General  Discussion. 

The  following  discussions  of  a  general  nature  have  no  direct 
bearing  on  the  effect  of  admixtures : 

Effect  of  Quantity  of  Cement. — The  wide  variation  in  the 
mixes  used  in  these  tests  furnish  information  on  the  effect  of 
variations  in  the  quantity  of  cement.  Fig.  8  gives  a  typical  curve 
for  28-day  tests.  For  the  usual  mixes  (1  :  5  to  1  :  4)  the  strength 
increased  1  per  cent  for  each  per  cent  addition  of  cement.  The 
same  value  was  found  in  our  tests  on  “Effect  of  Fineness  of 
Cement”  referred  to  above. 

Consistency  of  Concrete. — A  typical  strength-relative  con¬ 
sistency  curve  is  shown  in  Fig.  8  for  1  :  4  concrete ;  similar  curves 
may  be  drawn  for  other  mixes  and  conditions  from  data  given 
in  the  tables.  The  quantity  of  water  in  terms  of  the  water-ratio 
is  given  in  many  of  the  tables. 

Fineness  Modulus  of  Aggregate. — A  typical  fineness  modulus 
strength  curve  is  given  in  Fig.  8  for  1  :  4  mix.  The  circles  and 

1  See  “Effect  of  Fineness  of  Cement,”  by  Duff  A.  Abrams,  Proceedings  Am.  Soc. 
Testing  Materials,  Vol.  19,  Part  2,  p.  328  (1919). 
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crosses  refer  to  tests  made  in  different  groups  giving  fineness 
modulus  values  derived  in  different  ways;  see  Tables  6  and  7. 
This  curve  shows  the  same  relation  that  has  been  found  in  many 
other  investigations  carried  out  in  this  Laboratory ;  see  Bulletin 
1,  previously  referred  to. 

Effect  of  Age  of  Concrete. — All  tests  included  in  this  report 
show  that  the  strength  of  concrete  increased  with  age  so  long  as 
the  concrete  does  not  dry  out.  Fig.  8  shows  a  typical  age-strength 
relation  for  concrete  stored  in  a  damp  place.  Table  9  shows  that 
after  concrete  dries  out  (upon  exposure  to  air  for  2  to  4  weeks) 
there  is  little  or  no  further  increase  in  strength. 

Curing  Condition  of  Concrete. — Table  9  shows  the  importance 
of  curing  concrete  under  favorable  conditions. 

Conclusions. 

The  principal  conclusions  from  these  investigations  are  as 
follows : 

1.  In  general  the  addition  of  powdered  materials  reduced 
the  strength  of  concrete  approximately  in  proportion  to  the  quan¬ 
tity  of  admixture.  Some  exceptions  are  noted  below. 

2.  In  usual  concrete  mixtures,  each  1  per  cent  of  hydrated 
lime  (in  terms  of  the  volume  of  cement)  reduced  the  compressive 
strength  0.5  per  cent ;  1  per  cent  by  weight  of  cement  reduced  the 
strength  1.2  per  cent.  The  reduction  in  strength  caused  by  replac¬ 
ing  cement  with  an  equal  volume  of  hydrated  lime  was  about  l$i 
times  that  caused  by  adding  hydrated  lime. 

3.  High  calcium  and  high  magnesium  limes  produced  the 
same  effect. 

4.  The  addition  of  1  per  cent  of  the  following  powdered 
admixtures  in  terms  of  the  volume  of  cement  reduced  the  strength 
of  1  :  4  concrete  at  28  days  by  the  following  percentages :  Brick, 
0.08;  clay,  0.22;  whiting,  0.24;  sand,  0.37;  natural  cement,  0.38; 
limestone,  0.39 ;  lava,  0.40 ;  fluorspar,  0.43 ;  kaolin,  0.47 ;  kiesel- 
guhr,  0.48;  tufa,  0.51;  hydrated  lime,  0.56;  ironite,  0.60;  yellow 
ochre,  0.68;  mica,  1.10;  pitch,  1.50;  gypsum,  4.00.  For  the  same 
conditions  the  addition  of  1  per  cent  of  cement  increased  the 
strength  of  concrete  about  1  per  cent. 

5.  Pulverized  slag  up  to  50  per  cent  of  volume  of  cement 
gave  a  slight  increase  in  strength  of  concrete  (about  0.12  on  the 
basis  used  above). 
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6.  Rich  concrete  mixes  showed  a  greater  loss  in  strength 
due  to  powdered  admixtures  than  the  leaner  ones.  Lean  mixes 
(1  :  9  to  1  :  6)  and  in  those  with  aggregates  graded  too  coarse 
for  the  quantity  of  cement  used,  the  strength  was  little  affected 
or  was  slightly  increased  by  admixtures  up  to  50  per  cent. 

7.  The  wetter  mixes  showed  a  greater  loss  in  strength  than 
the  dry,  due  to  the  addition  of  hydrated  lime. 

8.  The  effect  of  admixtures  was  in  general  independent  of 
the  age  of  the  concrete. 

9.  Sand  and  slag  cements  gave  results  comparable  to  those 
from  powdered  materials  simply  mixed  in  the  concrete. 

10.  Hydrated  lime  and  other  powdered  admixtures  used  in 
these  tests  slightly  increased  the  workability  of  the  leaner  mixes 
(1:9  and  1  :  6)  as  measured  by  the  slump  test.  Ordinary  mixes 
(1  :  5  and  1  :  4)  were  little  affected;  richer  mixes  (1  :  3  and 
1  :  2)  were  made  less  plastic. 

11.  The  wear  of  concrete  was  not  sensibly  increased  by 
hydrated  lime  or  other  admixtures  up  to  20  per  cent  of  the  volume 
of  cement. 

12.  The  bond  resistance  was  affected  in  the  same  manner 
as  the  strength  by  the  presence  of  hydrated  lime. 

13.  Hydrated  lime  had  little  effect  on  the  absorption  of  dry 
concrete,  increased  the  evaporation  of  water  from  wet  concrete 
and  produced  no  beneficial  effect  on  the  strength  of  concrete 
stored  in  air. 

14.  Powdered  admixtures  increased  the  yield  of  concrete. 
For  hydrated  lime  in  the  usual  concrete  mixtures  the  increase  in 
volume  of  the  concrete  (yield)  was  about  60  per  cent  of  the  loose 
volume  of  lime  added. 
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FURTHER  TESTS  OF  HYDRATED  LIME  IN 
CONCRETE. 

By  Duff  A.  Abrams. 

Introduction. 

The  tests  in  this  Appendix  are  supplemental  to  the  foregoing 
report  on  the  “Effect  of  Hydrated  Lime  and  Other  Powdered 
Admixtures  in  Concrete.”  The  tests  were  outlined  subsequent 
to  the  publication  of  the  original  paper,  for  the  purpose  of  secur¬ 
ing  data  on  certain  features  not  studied  in  the  earlier  tests. 

Compression  tests  of  concrete  were  carried  out  at  the  age 
of  28  days  with  the  following  objects  in  view: 

1.  To  determine  the  nature  of  the  relation  between  the 
quantity  of  hydrated  lime  and  the  strength  of  concrete  for  small 
percentages  of  lime ; 

2.  To  study  the  effect  of  the  addition  of  small  quantities 
of  Portland  cement  in  same  manner  as  hydrated  lime ; 

3.  To  secure  additional  data  on  the  effect  of  hydrated  lime 
up  to  33  per  cent  of  the  volume  of  cement  in  the  batch ; 

4.  To  repeat  certain  tests  in  earlier  series  in  which  concrete 
of  a  wide  range  of  mixtures  and  consistencies  was  used ; 

5.  To  make  further  studies  of  the  effect  of  hydrated  lime  on 
the  workability  or  plasticity  of  concrete; 

6.  To  compare  pebbles  and  crushed  limestone  as  coarse 
aggregates  in  concrete  in  which  hydrated  lime  was  used ; 

7.  To  secure  average  values  of  greater  accuracy  by  making 
10  tests  instead  of  5  as  in  earlier  investigations. 

All  tests  were  made  at  28  days;  the  effect  of  hydrated  lime 
on  concrete  tested  at  ages  ranging  from  7  days  to  2  years  is 
covered  in  earlier  series.  In  order  to  avoid  confusion  the  number¬ 
ing  of  tables  and  figures  has  been  continued  from  the  original 
paper. 
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Outline  of  Tests. 

This  investigation  included  compression  tests  of  1720 
6  by  12-in.  concrete  cylinders.  A  skeleton  outline  of  the  tests 
is  given  in  Table  24.  For  convenience  of  reference  and  dis¬ 
cussion  the  tests  were  divided  into  groups.  All  mixtures  are 
expressed  as  one  volume  of  cement  to  a  given  number  of  volumes 
of  mixed  aggregate  as  used.  One  specimen  of  each  kind  was 
made  before  beginning  a  second  round ;  this  process  was  con¬ 
tinued  until  10  specimens  in  each  set  were  made.  It  will  be  seen 
that  in  this  way  each  value  in  the  tables  is  the  average  of  10  inde¬ 
pendent  tests. 

Group  1. — Concrete  of  mixtures  ranging  from  1  :  6. to  1  :  2 
and  relative  consistencies  0.90  to  1.50  (consistencies  from  dry  to 
“sloppy”)  were  mixed  with  hydrated  lime  in  quantities  0,  5,  10, 
20  and  33  per  cent  of  the  volume  of  cement.  This  group  of  tests 
repeated  a  part  of  Series  114  (1918)  and  Series  130  (1919-20)  ; 
compare  Table  4  and  Fig.  2  of  original  report. 

Group  2. — Mix  1  :  4,  relative  consistency  1.10.  Both  pebbles 
and  crushed  limestone  were  used  as  coarse  aggregate.  Two  differ¬ 
ent  aggregate  gradings  were  used  throughout  with  the  same  per¬ 
centages  of  hydrated  lime  as  in  Group  1. 

Group  3. — 1  :  5  and  1  :  4  mixes,  both  hydrated  lime  and 
Portland  cement  were  used  as  “admixtures.”  Tests  were  made 
with  1  and  2  per  cent  of  admixture  in  addition  to  the  higher 
percentages  used  in  Groups  1  and  2.  This  group  differed  from 
the  others  in  that  the  same  quantity  of  mixing  water  was  used 
throughout  for  a  given  mix.  The  quantity  of  water  for  each 
specimen  was  fixed  at  an  amount  that  would  give  a  plastic  con¬ 
crete  for  the  highest  percentage  of  admixture,  consequently  the 
concrete  became  progressively  drier  and  drier  as  bydrated  lime 
or  cement  was  added. 

Group  4. — 1  :  4  mix ;  differed  from  Group  3  in  that  the  con¬ 
crete  was  mixed  as  nearly  as  practicable  to  the  same  workability 
or  plasticity.  The  “flow”  of  the  concrete  was  used  as  a  measure 
of  workability.  The  attempt  was  made  to  secure  the  same  flow 
for  all  percentages  of  admixtures;  this  required  an  increase  in 
the  quantity  of  mixing  water  as  hydrated  lime  or  cement  was 
added. 
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Materials,  Test  Pieces,  and  Methods  of  Testing. 

In  general,  materials  and  test  methods  were  similar  to  those 
used  in  the  earlier  tests.  The  cement  consisted  of  a  mixture  of 
equal  parts  of  5  brands  of  portland  cement  purchased  in  Chicago. 
Two  lots  of  cement  were  used:  Lot  No.  4951  in  the  first  5  rounds, 
and  Lot  No.  5075  in  the  last  5  rounds  of  concrete  tests.  The 
results  of  standard  tests  on  the  cement  are  given  in  Table  25. 
The  two  lots  of  cement  were  tested  at  different  times. 

The  fine  aggregate  for  concrete  was  a  well-graded  sand  from 
the  Elgin,  Ill.,  pit  of  the  Chicago  Gravel  Co.  Two  types  of 
coarse  aggregate  were  used;  pebbles  from  Elgin,  Ill.,  and  crushed 
limestone  from  Chicago.  The  coarse  aggregate  in  each  case  was 
graded  up  to  \l/2  in.  Sieve  analyses  and  results  of  other  tests  of 
aggregate  are  given  in  Table  26. 

High  calcium  lime  was  used,  the  same  lot  as  in  Series  130. 

The  6  by  12-in.  concrete  cylinders  were  molded  in  metal  forms. 
The  quantity  of  materials  required  for  one  specimen  (about  1/5 
cu.  ft.)  was  proportioned  and  mixed  in  a,  batch.  Mixing  was 
done  by  hand  with  a  bricklayer’s  trowel  in  shallow  galvanized 
iron  pans. 

In  general  the  quantity  of  mixing  water  was  predetermined. 
The  quantity  added  to  compensate  for  the  presence  of  hydrated 
lime  (or  additional  cement)  was  proportional  to  the  quantity 
of  hydrated  lime  (or  cement)  and  to  its  normal  consistency. 

The  plasticity  or  workability  of  each  batch  was  measured  by 
means  of  the  “flow-table,”1  using  a  truncated  cone  mold  6^4  in- 
in  top  diameter,  10  in.  in  bottom  diameter  and  5  in.  high.  The 
table  was  raised  and  dropped  15  times  in  about  8  seconds.  The 
“flow”  is  the  average  base  diameter  after  the  completion  of  the 
test,  expressed  as  a  percentage  of  the  original  diameter.  The  same 
concrete  was  used  in  molding  a  compression  cylinder. 

Concrete  specimens  were  stored  in  a  moist  room  until  tested 
at  the  age  of  28  days. 

Test  Data. 

Complete  data  of  the  tests  are  given  in  Tables  27  to  29.  The 
values  of  compressive  strength  and  flow  are  based  on  the  average 
of  10  or  more  tests  made  on  different  days.  Certain  studies  from 
the  tests  are  given  in  Tables  30  to  32. 


1  One  design  of  flow-table  is  described  and  illustrated  in  Proceedings,  Am.  Soc. 
Testing  Materials,  Vol.  20,  Part  2,  p.  242  (1920),  and  in  "Concrete,”  June,  1920,  p.  274. 
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Discussion  of  Tests. 

The  following  notes  point  out  the  principal  indications  of 
the  tests : 

Variations  in  Tests. — In  ten  instances,  duplicate  sets  of  tests 
of  concrete  of  the  same  kind  were  made  independently  at  differ¬ 
ent  points  in  the  series  and  on  different  days  (see  Table  32).  The 
variation  of  duplicate  averages,  each  based  on  ten  tests,  ranged 
from  0.31  to  5.96  per  cent  with  a  grand  average  of  2.82  per  cent. 
The  maximum  variation  was  somewhat  high,  but  the  average 
gave  a  value  much  lower  than  is  generally  considered  possible  in 
testing  a  material  like  concrete.  These  variations  in  average  values 
indicate  the  weight  which  may  be  given  to  any  particular  test 
result  in  this  series.  It  is  believed  that  these  tests  represent  about 
the  limit  of  accuracy  which  it  is  possible  to  attain  in  testing  con¬ 
crete  without  making  a  very  large  number  of  specimens  in  each 
set.  The  same  table  gives  a  parallel  study  of  the  variation  in  flow 
readings.  The  variation  in  flow  ranged  from  0  to  10  per  cent 
with  a  grand  average  of  3.8  per  cent. 

Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. — The 
accompanying  tables  and  figures  show  the  effect  of  hydrated 
lime  on  the  strength  of  concrete  for  a  wide  range  of  mixtures, 
consistencies,  etc.  For  concrete  of  the  same  plasticity,  hydrated 
lime  reduced  the  compressive  strength  of  all  mixtures  and  con¬ 
sistencies  used  in  these  tests.  It  should  be  noted  that  these 
tests  were  made  at  28  days  on  specimens  stored  in  a  damp  place. 
The  reduction  in  strength  was  nearly  proportional  to  the  quantity 
of  lime  used.  (Note  the  dotted  straight  lines  in  Fig.  16.)  The 
linear  reduction  in  strength  due  to  the  addition  of  hydrated  lime 
was  brought  out  more  strikingly  in  this  series  than  in  the  earlier 
tests,  probably  due  to  the  more  accurate  averages  secured  by  using 
ten  tests  in  a  set.  The  few  exceptions  to  this  statement  which 
will  be  found  in  Fig.  16,  particularly  in  the  relative  consistency 
0.90,  do  not  invalidate  the  general  conclusion,  since  these  discrep¬ 
ancies  are  generally  within  the  limit  of  error  which  may  be 
expected  from  a  single  average. 

A  summary  of  the  reduction  in  strength  of  concrete  in  differ¬ 
ent  groups  is  given  in  Table  30.  The  changes  in  strength  for  each 
1  per  cent  addition  of  hydrated  lime  in  terms  of  volume  of  cement 
in  the  batch  were  determined  from  the  slopes  of  the  curves  in 
Fie.  16  to  19. 


Effect  of  Powdered  Admixtures  in  Concrete  27 

Effect  of  Small  Percentages  of  Hydrated  Lime. — In  Groups  3 
and  4  quantities  of  hydrated  lime  as  low  as  1  and  2  per  cent  of 
the  volume  of  cement  were  used.  The  results  of  these  tests  are 
platted  in  Fig.  18.  The  relation  between  strength  of  the  concrete 
and  hydrated  lime  is  represented  by  a  straight  line,  whether  the 
quantity  of  mixing  water  was  kept  constant  and  the  flow  varied 
(Group  3)  or  whether  the  quantity  of  mixing  water  was  varied 
and  the  flow  kept  constant  (Group  4).  The  additional  water 
required  to  produce  a  uniform  flow  was  proportional  to  the 
quantity  of  hydrated  lime  and  its  normal  consistency.  (Compare 
Fig.  19.)  In  Group  3,  with  water  constant  the  hydrated  lime 
showed  an  increase  in  the  strength  of  concrete  of  0.61  per  cent 
and  the  cement  an  increase  of  2.37  per  cent  for  each  1  per  cent 
added  to  the  original  mixes  (by  volume).  In  Group  4,  with  flow 
constant,  the  lime  showed  a  reduction  in  strength  of  0.34  per  cent 
and  the  cement  an  increase  of  1.00  per  cent  for  each'  1  per  cent 
added  to  the  1  :  4  mix.  The  increase  in  strength  with  the  addition 
of  hydrated  lime  in  Group  3  is  to  be  expected ;  the  absorption  of 
water  by  the  lime  thus  producing  a  drier  concrete  as  the  quantity 
of  lime  was  increased.  The  essential  feature  of  these  tests  is  that 
the  use  of  very  small  percentages  of  hydrated  lime  gave  results 
which  differed  in  no  respect  from  the  indications  of  earlier  tests 
based  on  percentages  varying  from  5  to  50  per  cent. 

Effect  of  Small  Additions  of  Portland  Cement. — Tests  in 
Groups  3  and  4  were  carried  out  for  the  purpose  of  studying  the 
effect  of  portland  cement  when  used  as  an  -admixture  under 
exactly  the  same  conditions  as  hydrated  lime.  In  Group  3(1  :  5 
and  1  :  4  mixtures)  the  mixing  water  was  kept  constant  and  the 
flow  varied;  in  Group  4  (1  :  4  mixture)  the  quantity  of  the 
mixing  water  was  increased  as  cement  or  lime  was  added  in  order 
to  produce  a  uniform  flow.  The  effect  of  the  addition  of  small 
percentages  of  cement  on  the  strength  of  concrete  was  discussed 
in  the  preceding  paragraph.  The  addition  of  portland  cement 
produced  the  same  effect  as  hydrated  lime  on  the  plasticity  of  the 
concrete  as  measured  by  the  flow  table  (see  Fig.  18). 

Rich  versus  Lean  Mixtures. — The  values  in  Table  30  show 
that  the  rich  concrete  mixtures  suffered  a  greater  reduction  in 
strength  due  to  hydrated  lime  than  lean  ones  (considering  the 
quantity  of  hydrated  lime  to  be  based  on  the  quantity  of  cement 
used).  The  average  reduction  (Group  1)  ranged  from  0.83  per 
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cent  for  1  :  2  mixtures  to  0.53  per  cent  for  the  1  :  6  mixture. 
The  tests  in  this  series  fully  confirm  the  conclusions  of  our  earlier 
investigations  based  on  similar  tests. 

Concrete  of  Different  Consistencies. — The  tests  in  Group  1 
show  that  the  wetter  mixtures  were  more  affected  by  hydrated 
lime  than  the  drier  ones.  The  average  reduction  in  strength  for 
relative  consistency  1.50  was  0.83  per  cent  for  each  1  per  cent  of 
hydrated  lime ;  for  consistency  0.90  the  reduction  in  strength  was 
0.55  per  cent.  The  average  reduction  for  what  may  be  considered 
“usual  concrete  mixtures,”  that  is,  1  :  5  and  1  :  4  mixtures  and 
consistencies  1.00,  1.10  and  1.25  was  0.59  per  cent.  (Compare 
0.50  and  0.56  per  cent  in  original  report.) 

Pebbles  versus  Crushed  Limestone  as  Coarse  Aggregate. — 
Tests  in  Group  2  showed  that  the  type  of  coarse  aggregate  had  no 
influence  on  the  effect  of  hydrated  lime.  The  pebbles  and  crushed 
limestone  gave  almost  identical  concrete  strengths  and  showed  an 
equal  reduction  in  strength  due  to  the  addition  of  hydrated  lime. 
The  pebble  concrete  showed  a  somewhat  higher  flow  than  the 
crushed  limestone  concrete,  probably  due  to  the  angular  particles 
which  have  a  tendency  to  exert  a  greater  frictional  resistance  in 
the  flow  test. 

Tests  with  Mixing  Water  Constant. — With  a  constant  quan¬ 
tity  of  mixing  water  in  1  :  4  and  1  :  5  mixtures,  hydrated  lime 
showed  an  increase  in  strength  of  0.61  per  cent  for  each.  1  per 
cent  of  hydrated  lime,  as  compared  with  2.37  per  cent  for  each 
1  per  cent  of  portland  cement  added  under  the  same  conditions. 
As  would  be  expected  the  concrete  became  drier  as  hydrated  lime 
or  cement  was  added. 

Tests  with  Flow  Constant. — Hydrated  lime  showed  a  reduc¬ 
tion  in  strength  of  the  concrete  of  1.34  per  cent  and  the  cement 
an  increase  in  strength  of  1.00  per  cent  for  each  1  per  cent  by 
volume  added  to  the  original  1  :  4  mix,  in  tests  in  which  the 
quantity  of  water  was  varied  in  such  a  way  as  to  produce  a 
constant  flow.  (See  Fig.  18.) 

Effect  of  Quantity  of  Cement. — The  effect  of  the  quantity  of 
cement  on  the  strength  of  concrete  was  brought  out  in  Group  1 
and  in  a  less  pronounced  way  in  Groups  3  and  4.  The  principal 
results  are  shown  graphically  in  Fig.  15  and  16.  The  strength  of 
concrete  increased  rapidly  with  the  increase  in  cement  for  all 
consistencies,  and  regardless  of  the  presence  of  a  given  percentage 
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of  hydrated  lime.  The  increase  was  more  pronounced  for  lean 
mixtures  than  for  rich.  For  usual  mixtures  and  consistencies 
the  compressive  strength  of  concrete  at  28  days  was  increased 
about  1.00  per  cent  for  each  1  per  cent  increase  in  cement.  Fig.  15 
gives  cement  content  as  percentages  of  the  volume  of  concrete 
and  in  terms  of  bags  per  cubic  yard.  The  inclined  dotted  lines 
in  Fig.  15  indicate  the  quantity  of  cement  required  for  a  cubic 
yard  of  concrete,  due  to  variations  in  the  consistency  and  per¬ 
centage  of  hydrated  lime.  The  effect  of  portland  cement  as  an 
“admixture”  is  shown  in  Table  29  and  Fig.  18. 

Reduction  in  Strength  Due  to  Certain  Percentages  of 
Hydrated  Lime. — The  reduction  in  strength  of  concrete  due  to 
certain  percentages  of  hydrated  lime  is  shown  in  Table  31.  These 
values  are  based  on  actual  tests  in  Group  1,  and  correspond  to 
the  inclined  dotted  lines  in  Fig.  16,  which  follow  the  general 
slope  of  the  solid  lines  which  are  plotted  to  fit  the  test  data. 
The  percentages  of  lime  are  given  in  percentages  of  volume  of 
aggregate  or  cement  and  percentages  of  weight  of  cement.  Where 
the  use  of  hydrated  lime  in  concrete  is  recommended  it  is  cus¬ 
tomary  to  recommend  the  use  of  higher  percentages  (in  terms  of 
the  cement)  for  the  leaner  mixture;  this  is  about  equivalent  to  a 
constant  percentage  of  the  aggregates.  The  table  shows  that 
for  the  usual  ranges  of  percentages  for  ordinary  mixtures  the 
presence  of  hydrated  lime  may  be  expected  to  reduce  the 
strength  of  concrete  about  10  per  cent. 

Flow  Tests.— The  “flow-table”  was  a  more  satisfactory 
method  of  measuring  plasticity  or  workability  of  concrete  in  the 
laboratory  than  the  “slump  test” ;  however,  the  slump  test  is 
believed  to  be  more  useful  in  the  field.  The  variation  in  the  results 
of  flow  tests  were  much  more  than  the  strength  tests  of  the  con 
crete  (see  Table  32).  Variations  up  to  10  points  (percentage 
based  on  original  diameter)  may  be  expected  in  the  average  of 
duplicate  sets  of  10  tests  on  identical  concrete. 

In  general  the  “flow”  of  lean  mixtures  was  slightly  increased 
and  the  “flow”  of  rich  mixtures  was  little  affected  by  the  addi¬ 
tion  of  hydrated  lime  in  tests  in  which  the  quantity  of  mixing 
water  was  increased  in  such  a  manner  as  to  compensate  for  the 
presence  of  hydrated  lime.  For  usual  mixtures  and  consistencies 
the  correction  for  differences  in  flow  produced  an  insignificant 
effect  on  the  reduction  in  strength  of  concrete  by  hydrated  lime. 
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Conclusions. 

The  indications  of  these  tests  are  quite  definite  and  may  be 
stated  briefly  as  follows : 

a.  Hydrated  lime  as  an  admixture  reduced  the  compressive 
strength  of  concrete  of  all  mixes  and  consistencies  used  in  these 
tests  (28-day  tests;  compare  Conclusion  1  in  original  paper). 

b.  The  reduction  of  concrete  strength  was  nearly  proportional 
to  the  quantity  of  hydrated  lime  used.  (Compare  Conclusions  1 
and  4  of  original  report.) 

r.  Small  percentages  of  hydrated  lime  (1,  2  and  5  per  cent 
by  volume  of  cement)  showed  the  same  rate  of  reduction  in 
strength  as  larger  percentages  (5  to  33  per  cent).  (See  Table 

29  and  Fig.  18;  compare  Conclusions  1  and  2  of  original  report.) 

d.  For  usual  concrete  mixtures  (1  :  4  and  1  :  5,  relative  con¬ 
sistencies  1.00,  1.10  and  1.25  in  Group  1)  the  average  reduction 
in  strength  was  0.59  per  cent  for  each  1  per  cent  of  hydrated  lime 
added.  Other  tests  in  Groups  2  and  4  gave  reductions  of  0.62 
and  0.34  per  cent  respectively.  Under  the  same  condition  the 
addition  of  1  per  cent  of  cement  increased  the  strength  of  concrete 
about  1  per  cent.  (Compare  Conclusions  2  and  4  of  original 
report. ) 

e.  Rich  concrete  mixtures  showed  a  greater  reduction  in 
strength  due  to  hydrated  lime  than  lean  ones.  (Compare  Con¬ 
clusion  6  of  original  report.) 

f.  The  wetter  mixes  showed  a  greater  loss  in  strength  than 
dry,  due  to  the  addition  of  hydrated  lime.  (Compare  Conclusion 
7  of  original  report.) 

g.  Pebbles  and  crushed  limestone  as  coarse  aggregate  gave 
almost  identical  concrete  strengths  and  showed  an  equal  reduction 
in  strength  by  the  addition  of  hydrated  lime.  The  pebble  con¬ 
crete  showed  a  higher  flow  than  the  crushed-stone  concrete. 

h.  With  a  constant  quantity  of  mixing  water  in  1  :  4  and  1  :  5 
mixes  (and  of  course  a  variable  flow)  hydrated  lime  showed  an 
increase  in  strength  of  0.61  per  cent  for  each  1  per  cent  of  lime, 
as  compared  with  an  increase  of  2.37  per  cent  for  each  1  per  cent 
of  portland  cement  added  under  the  same  conditions.  (See  Table 

30  and  Fig.  18.) 
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i.  In  a  single  group  of  tests  in  which  both  hydrated  lime  and 
Portland  cement  were  used  as  admixtures,  and  the  quantity  of 
mixing  water  was  increased  in  order  to  produce  concrete  of  the 
same  plasticity  (approximately  equal  flow)  the  lime  showed  a 
reduction  in  strength  of  the  concrete  of  0.34  per  cent  and  the 
cement  an  increase  in  strength  of  1.00  per  cent  for  each  1  per  cent 
by  volume  added  to  the  original  1  :  4  mix. 

j.  Concrete  of  usual  mixtures  and  consistencies  showed  an 
increase  in  strength  of  about  1  per  cent  at  28  days  for  each  1  per 
cent  of  cement  added. 

k.  The  mean  variation  of  the  average  values  from  duplicate 
sets  of  concrete  tests  each  based  on  10  specimens  made  on  differ¬ 
ent  days  was  1.73  per  cent  with  extreme  variations  of  0  and  5.96 
per  cent. 

l.  The  “flow-table”  was  a  more  satisfactory  method  of 
measuring  plasticity  or  workability  of  concrete  in  the  laboratory 
than  the  “slump  test.”  The  variation  in  the  results  of  flow  tests 
were  much  greater  than  the  strength  tests  of  the  concrete  (see 
Table  32).  Variations  of  5  to  10  points  (percentage  based  on 
original  diameter)  may  be  expected  in  duplicate  sets  of  10  tests 
on  identical  concrete. 

m.  In  general,  the  “flow”  of  lean  concrete  mixtures  was 
slightly  increased  and  the  “flow”  of  rich  mixtures  was  little 
affected  by  the  addition  of  hydrated  lime.  For  usual  mixtures 
and  consistencies  the  correction  for  differences  in  “flow”  produced 
an  insignificant  effect  on  the  reduction  in  strength.  (Compare 
Conclusion  10  of  original  report.) 

n.  Under  identical  circumstances  the  addition  of  either 
hydrated  lime  or  portland  cement  up  to  33  per  cent  produced 
essentially  the  same  effect  on  the  “flow”  of  concrete.  (See  Groups 
3  and  4,  Table  29  and  Fig.  18.) 

o.  These  tests  show  that  for  usual  concrete  mixtures  a  reduc¬ 
tion  in  strength  of  about  10  per  cent  is  produced  by  the  addition 
of  hydrated  lime  in  percentages  generally  recommended  by  advo¬ 
cates  of  hydrated  lime  in  concrete. 
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Table  1. — Tests  of  Cement. 


Tests  were  made  in  accordance  with  the  methods  of  the  American  Society  for  Testing  Materials. 
For  cement  tests  in  Series  147,  see  Table  25. 

Miscellaneous  Tests 


Cement, 
Lot  No. 

Used  in 
Series 

Admixture, 
per  cent 
by  weight 

Fineness 

Residue 

on 

200-mesh 

Sieve 

Normal 
Consis¬ 
tency, 
per  cent 
by 

weight 

Time  of 

Vicat  Needle 

Getting 

Gillmore  Needle 

Soundness 

Test 

over 

Boiling 

Water 

Initial 
h.  m. 

Final 
h.  m. 

Initial 
h.  m. 

Final 
n.  m. 

3641 

58-59 

21.2 

23.5 

1 

30 

5 

15 

3 

30 

5 

40 

O.  K. 

3642 

U 

10  (sand)1 

23.2 

23.0 

1 

30 

5 

15 

3 

30 

5 

40 

3643 

“ 

20  “ 

23.5 

23.0 

2 

00 

5 

45 

4 

15 

6 

40 

“ 

3644 

“ 

30  “ 

23.8 

23.0 

2 

00 

5 

45 

4 

15 

6 

40 

“ 

3645 

“ 

40  “ 

25.0 

23.5 

2 

40 

8 

00 

4 

30 

8 

00 

“ 

3646 

50  “ 

25.3 

23.0 

2 

40 

7 

35 

4 

30 

7 

45 

“ 

3647 

“ 

10  (slag)1 

21.1 

23.0 

1 

45 

5 

40 

4 

15 

5 

50 

“ 

3648 

U 

20  “ 

22.0 

23.0 

3 

00 

6 

15 

4 

40 

7 

15 

“ 

3649 

“ 

30  “ 

22.0 

23.0 

3 

00 

6 

15 

4 

40 

7 

15 

“ 

3650 

U 

40  “ 

22.5 

23.0 

3 

05 

7 

20 

5 

00 

8 

00 

U 

3651 

50  “ 

22.0 

23.0 

3 

30 

8 

00 

5 

00 

8 

30 

“ 

4035 

100 

17.4 

23.0 

3 

50 

8 

15 

5 

30 

8 

50 

“ 

4066 

U 

20.6 

22.0 

3 

40 

6 

20 

4 

00 

6 

40 

U 

4013 

U 

* . 

.0 

34.0 

0 

56 

4 

55 

2 

15 

5 

15 

“ 

4135 

104 

18.0 

23.0 

4235 

114 

19.9 

23.0 

3 

is 

6 

05 

3 

57 

7 

05 

“ 

4505 

130 

18.2 

21.7 

4 

40 

8 

10 

5 

30 

9 

15 

“ 

4605 

130 

18.1 

22.8 

2 

55 

6 

05 

4 

00 

7 

35 

Strength  Tests 

1  :  3  Standard  sand  mortar. 

Specimens  stored  in  water;  tested  wet. 

In  general,  values  for  strength  are  the  average  of  five  tests  made  on  different  days. 


Cement 
Lot  No. 

Used 

in 

Series 

Admixture, 
per  cent 
by  weight 

Water, 
per  cent 
by 

weight. 

Tensile  Strength 
(Briquets), 
lb.  per  sq  in. 

Compressive  Strength 
(2  by  4-in.  Cylinders), 
lb.  per  sq.  in. 

7 

d. 

28 

d. 

3 

mo. 

6 

mo. 

1 

yr. 

7 

d. 

28 

d. 

3 

mo. 

6 

mo. 

1 

yr. 

3641 

58-59 

10.4 

210 

320 

330 

360 

320 

1130 

1990 

2710 

3360 

3100 

3642 

“ 

10  (sand)1 

10.3 

190 

290 

340 

360 

340 

1190 

1920 

2660 

2970 

2300 

3643 

U 

20  “ 

10.3 

180 

260 

330 

340 

340 

1030 

1830 

2630 

2660 

3110 

3644 

“ 

30  “ 

10.3 

150 

240 

300 

350 

340 

790 

1420 

2130 

2380 

2270 

3645 

U 

40  “ 

10.4 

130 

200 

240 

290 

330 

690 

990 

1720 

1850 

2040 

3646 

U 

50  “ 

10.3 

70 

150 

230 

250 

280 

490 

890 

1380 

1470 

1620 

3647 

“ 

10  (slag)1 

10.3 

210 

300 

380 

420 

380 

970 

2330 

3280 

3770 

2880 

3648 

“ 

20  “ 

10.3 

210 

310 

370 

340 

370 

1010 

2070 

3050 

3150 

2980 

3649 

U 

30  “ 

10.3 

180 

290 

370 

350 

410 

930 

1980 

2960 

3390 

3260 

3650 

U 

40  “ 

10.3 

160 

260 

340 

370 

380 

770 

1660 

2830 

3280 

3580 

3651 

U 

50  “ 

10.3 

150 

270 

390 

400 

410 

630 

1520 

2840 

3030 

3400 

4035 

100 

10.3 

250 

380 

400 

420 

370 

1700 

2640 

3750 

4120 

3810 

4505 

130 

10.1 

195 

330 

370 

350 

340 

1590 

3150 

4170 

3780 

4520 

4605 

130 

10.3 

280 

390 

410 

410 

395 

1950 

2880 

4170 

4600 

4170 

'Admixture  added  to  cement  prior  to  final  grinding. 
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Table  2. — Miscellaneous  Tests  of  Aggregate. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill. 

Sieves  were  made  of  square  mesh  wire  cloth  manufactured  by  The  W.  S.  Tyler  Co.  It  will  be  noted 
that  each  sieve  has  a  clear  opening  of  twice  the  width  of  the  preceding  sieve. 

See  Table  11  for  sieve  analyses  of  one  group  of  aggregates  in  Series  114. 


Series 

Size  of 
Aggregate 

Weight, 
lb.  per 
cu.  ft. 

Sieve  Analysis,  per  cent  coarser  than  each  sieve 

Fine¬ 

ness 

Mod¬ 

ulus' 

100a 

(0.0058) 

48 

(0.0116) 

(0.023) 

14 

(0  046) 

8 

(0.093) 

4 

(0.185) 

Vs 

(0.37) 

% 

(0.75) 

(1.5) 

59 . 

0-No.  4 

121 

65 

57 

47 

35 

18 

0 

2.22 

« 

U 

125 

75 

68 

57 

43 

25 

0 

2.68 

U 

126 

82 

75 

65 

50 

30 

0 

3.02 

« 

“ 

124 

88 

81 

72 

57 

35 

0 

3.33 

“ 

122 

91 

86 

77 

63 

38 

0 

3.55 

“ 

“ 

119 

99 

92 

82 

65 

40 

0 

3.78 

“ 

U 

114 

97 

94 

88 

75 

50 

0 

4.04 

“ 

111 

98 

96 

92 

81 

57 

0 

4.24 

“ 

101 

100 

100 

100 

100 

100 

0 

5.00 

100 . 

0-No.  48 

102 

98 

0 

0.98 

“ 

0-No.  28 

102 

88 

32 

6 

1.20 

130 . 

0-No.  28 

102 

92 

78 

0 

1.70 

100,  114,  130... 

0-No.  14 

106 

97 

88 

35 

0 

2.20 

100,  114 . 

0-No.  8 

108 

98 

92 

50 

20 

0 

2.60 

100,  114,  130... 

0-No.  4 

112 

99 

93 

63 

40 

20 

6 

3.15 

100 . 

0-Va  in. 

117 

99 

94 

72 

50 

28 

7 

6 

3.50 

130 . 

0-jHs  in. 

120 

99 

94 

71 

60 

46 

30 

0 

4.00 

114 . 

0-Vs  in. 

121 

99 

96 

79 

68 

59 

49 

0 

4.50 

130 . 

0-H  in. 

126 

100 

96 

80 

73 

63 

53 

35 

6 

5.00 

114 . 

0-H  in. 

124 

99 

97 

86 

78 

71 

65 

44 

0 

5.40 

130 . 

0  1  Vi  in. 

125 

99 

93 

68 

55 

39 

23 

17 

6 

6 

4.00 

130 . 

130 

99 

95 

79 

70 

59 

49 

37 

12 

0 

5.00 

130 . 

“ 

130 

100 

95 

84 

77 

70 

62 

46 

16 

0 

5.50 

58, 104, 114, 130 

127 

100 

97 

86 

79 

73 

68 

51 

21 

0 

5.75 

130 . 

U 

126 

100 

98 

90 

85 

79 

74 

56 

18 

0 

6.00 

130 . 

“ 

122 

100 

98 

91 

89 

85 

81 

61 

20 

0 

6.25 

130 . 

118 

100 

99 

94 

93 

90 

87 

65 

22 

0 

6.50 

130 . 

114 

100 

100 

98 

96 

94 

93 

70 

24 

0 

6.75 

u Number  of  square  openings  per  linear  inch  or  the  size  of  opening  in  inches. 

'Sum  of  percentages  in  sieve  analysis,  divided  by  100. 


Table  3. — Miscellaneous  Tests  of  Powdered  Admixtures. 


Used 

in 

Series 

Kind 

Fineness  Residue 
on  each  Sieve, 
per  cent  by  weight 

Weight, 
lb.  per 
cu.  ft. 

Specific 

Gravity' 

Normal 
Consistency, 
per  cent 
by  weight 

200 

100 

48 

28 

100 

47 

2.41 

49.0 

56 

2.51 

50.0 

11 

1.92 

250.0 

Limestone . 

21.7 

82 

2.77 

21.0 

Natural  cement . 

24  0 

68 

2.82 

36.0 

Slag . 

19.5 

90 

2.88 

23.8 

104 

47 

2.41 

49.0 

114 

42 

2.21 

59.0 

130 

Brick . 

18.2 

6.0 

71 

2.70 

28.0 

Clay . 

34 

2.53 

45.0 

Fluorspar . 

57.0 

37.9 

13.0 

6 

135 

3.10 

15.0 

84 

2.50 

33.2 

Hydrated  lime  (high  calcium) . . . 

40 

2.21 

60.0 

Hydrated  lime  (high  magnesium) 

40 

2.48 

60.0 

Ironite . 

91.0 

45.0 

18.0 

0 

186 

6.90 

8.4 

47 

2.45 

45.6 

Kieselguhr . 

13 

2.00 

230.0 

Lava . 

21.6 

3.8 

109 

2.96 

19.6 

Limestone . 

10.0 

0.4 

87 

2.78 

20.8 

48 

2.81 

Natural  cement . 

6.0 

3.0 

68 

2.89 

40.6 

42 

1.34 

63.0 

Sand . 

20.3 

0.2 

90 

2.64 

22.0 

Slag . 

19.4 

6.0 

114 

2  89 

20.0 

Tufa . 

17.8 

1.8 

61 

2.37 

46.0 

60 

2.66 

31.0 

Yellow  ochre  . .  .*. . 

83 

3.27 

42.0 

'Values  used  in  calculations  for  density  of  concrete.  Determinations  for  the  finely  powdered  admixtures 
were  made  with  difficulty  and  they  may  vary  a  small  amount  from  the  true  value. 

"Same  as  material  now  sold  under  the  name  of  Celite. 
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Table  4. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 


(Data  from  Series  130) 


Compression  tests  of  6  by  12-in.  cylinders. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1)^  in.,  fineness  modulus,  5.75;  for  sieve  analyses 
see  Table  2. 

Admixture  added  to  materials  in  batch,  expressed  as  percentage  of  volume  of  cement. 

Specimens  stored  in  damp  sand  until  tested. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

Data  platted  in  Fig.  3;  see  also  Table  18. 


Hydrated  Lime, 
per  cent  of  cement 

Water, 

ratio  to  volume  of  cement 

Compressive  Strength,  lb.  per  sq.  in. 

(age,  28  days) 

By 

By 

1 

1 

Volume 

Weight 

0.901 

1.00 

1.10' 

1.25 

1.50 

1  2.00 

0.901 1 

1.00 

1.101 

1.25 

I  1.50 

2.00 

Mix  1  :  9  by  Volume 

0 

0 

111 

1.21 

1.32 

1.47 

1490 

1290 

1260 2 

960 

5 

2.1 

1  13 

1.23 

1.34 

1.50 

1300 

1320 

1160 

920 

10 

4.2 

1.15 

1.25 

1.36 

1.52 

1440 

1380 

1190 2 

940 

20 

8.5 

1.19 

1.29 

1.40 

1.57 

1480 

1360 

1260 2 

910 

33 

14.0 

1.23 

1.34 

1.46 

1.63 

1370 

1300 

1070 2 

930 

Av.  1420 

1330 

1190 

930 

Mix  1 


6  by  Volume 


0 

0 

0.84 

0.92 

1  00 

1.12 

2400 

2250 

2230 2 

1620 

5 

2.1 

0.86 

0.94 

1  02 

1.14 

2350 

2390 

2120 

1670 

10 

4.2 

0.88 

0.96 

1.04 

1.17 

2510 

2480 

2170 2 

1620 

20 

8.5 

0.91 

1.00 

1.09 

1.22 

2480 

2420 

2 190 2 

1620 

33 

14.0 

0.96 

1.05 

1.14 

1.27 

2430 

2310 

2070 2 

1430 

Av.  2430 

2370 

2160 

1590 

Mix  1  :  5  by  Volume 


0 

0 

0.74 

0.82 

0.89 

1.00 

1.18 

1.54 

2970 

3040 

2670 

2040 

1260 

700 

5 

2.1 

0.76 

0.84 

0.91 

1.03 

1.21 

1.58 

2740 

2840 

2570 

2010 

1210 

670 

10 

4.2 

0.78 

0.86 

0.94 

1.04 

1.24 

1.63 

2930 

3010 

2560 

2010 

1160 

680 

20 

8.5 

0.81 

0.90 

0.97 

1  10 

1.30 

1.70 

2910 

2820 

2430 

1900 

1020 

590 

33 

14.0 

0.86 

0.94 

1  03 

1  16 

1.37 

1.80 

2840 

2810 

2350 

1730 

930 

490 

50 

21.3 

0.92 

1.01 

1.10 

1.24 

1.48 

1.93 

2770 

2600 

2200 

1600 

950 

470 

Av.  2860 

2850 

2460 

1880 

1090 

600 

Mix  1  :  4  by  Volume 


0 

0 

0.65 

0.72 

0.78 

0.88 

1 

04 

1 

36 

3580 2 

3710 2 

3540 2 

2600 2 

1550 2 

800 2 

5 

2.1 

0  66 

0.74 

0.80 

0  90 

1 

08 

1 

40 

3940 

3600 

3320 

2570 

1320 

870 

10 

4.2 

0.69 

0.76 

0.83 

0.93 

1 

10 

1 

44 

3690 

3580 

3200 

2400 

1440 

790 

20 

8.5 

0.72 

0  80 

0.87 

0.98 

1 

16 

1 

52 

3870 

3370 

2890 

2340 

1410 

790 

33 

14.0 

0.76 

0.85 

0.92 

1.04 

1 

24 

1 

62 

3390 

3000 

2600 

2040 

1340 

620 

50 

21.3 

0.82 

0.91 

1.00 

1.12 

1 

33 

1 

74 

3090 

2700 

2430 

1910 

1140 

520 

Av.  3590 

3320 

3000 

2300 

1370 

740 

Mix  1  :  3  by  Volume 


0 

0 

0.56 

0.62 

0.68 

0.76 

0.90 

1 

19 

4520 

4450 

4200 

3330 

2000 

1110 

5 

2.1 

0.58 

0  64 

0.70 

0.78 

0.93 

1 

23 

4240 

4170 

3780 

3400 

2150 

1040 

10 

4.2 

0.60 

0.66 

0.72 

0.81 

0.96 

1 

27 

3880 

4050 

3780 

3350 

2030 

1000 

20 

8.5 

0.63 

0.70 

0.76 

0.85 

1.02 

1 

35 

3680 

4000 

3300 

3130 

1940 

760 

33 

14.0 

0.67 

0.75 

0.82 

0  91 

1  09 

1 

45 

3750 

3460 

3080 

2520 

1560 

880 

50 

21.3 

0.73 

0.82 

0.89 

0.99 

1.19 

1 

57 

3160 

3140 

2590 

2250 

1440 

720 

Av.  3870 

3880 

3460 

3000 

1850 

920 

Mix  1  :  2  by  Volume 


0 

0 

0.47 

0  52 

0.57 

0.64 

0.77 

1 

01 

5080 

4860 

4830 

3770 

2970 

1450 

5 

2.1 

0.49 

0.54 

0.59 

0.67 

0.80 

1 

05 

5240 

4610 

4530 

3830 

2750 

1360 

10 

4.2 

0  50 

0.56 

0.62 

0  69 

0.83 

1 

09 

5060 

4820 

4310 

3780 

2660 

1180 

20 

8.5 

0.54 

0  60 

0.66 

0.74 

0.88 

1 

17 

4780 

4130 

3870 

3440 

2850 

1180 

33 

14.0 

0.58 

0.65 

0.71 

0.80 

0.96 

1 

27 

3920 

4090 

3630 

3120 

2210 

1060 

50 

21.3 

0.64 

0.71 

0.78 

0.88 

1.06 

1 

40 

3420 

3410 

3160 

2860 

2150 

890 

Av.  4580 

4320 

4060 

3470 

2600 

1190 

■Relative  consistency  of  concrete. 
■■Average  of  10  or  15  tests. 


Effect  of  Powdered  Admixtures  in  Concrete 


35 


Table  5. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

(Data  form  Series  130.) 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix  by  volume.  Relative  consistency  of  concrete,  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1)4  *n-.  fineness  modulus,  5.75. 

Admixture  added  to  materials  in  batch,  expressed  as  percentage  of  volume  of  cement. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  tests,  unless  otherwise  noted. 

See  relative  consistency  1.10  in  Table  4  for  water-ratio  of  concrete. 

Data  platted  in  Fig.  4.  See  also  Table  19. 


Hydrated  Lime, 
per  cent  of  cement 

Compressive  Strength  for  Different  Mixes, 
lb.  per  sq.  in. 

By  Volume 

By  Weight 

1:9 

1:6 

1:5 

1:4 

1:3 

1:2 

Age  at  Test,  3  Days 


o 

0 

280 

550 

770 

10302 

1280 

1790 

2  1 

330 

560 

790 

990 

1150 

1650 

10 

4.2 

320 

610 

780 

960 

1210 

1600 

20 

8.5 

300 

580 

780 

830 

1130 

1470 

33 

14  0 

320 

560 

680 

740 

1010 

1250 

50 

21.3 

300 

480 

660 

890 

1140 

1130 

Average  310 

560 

740 

910 

1150 

1480 

Age  at  Test,  7  Days 

0 

640 

1030 

1250 

I8602 

2550 

2690 

2  1 

630 

1120 

1400 

1720 

2280 

2900 

10 

4  2 

620 

1170 

1420 

1880 

2170 

2610 

20 

8  5 

650 

1140 

1370 

1690 

2090 

2300 

33 

14  0 

590 

1160 

1220 

1590 

1890 

2180 

50 

21.3 

610 

990 

1150 

1440 

1710 

1790 

Average  620 

1100 

1300 

1700 

2120 

2410 

Age  at  Test,  28  Days1 

0 

12602 

22302 

2670 

35402 

4200 

4830 

2  1 

1160 

2120 

2570 

3320 

3780 

4530 

10 

4  2 

11902 

21702 

2560 

3200 

3780 

4310 

20 

8  5 

12602 

21902 

2430 

2890 

3300 

3870 

33 

14  0 

10702 

20702 

2350 

2600 

3080 

3630 

50 

21.3 

1190 

1940 

2200 

2430 

2590 

3160 

Average  1190 

2120 

2460 

3000 

3460 

4060 

Age  at  Test,  3  Months 

1650 

2990 

3500 

4370s 

4070 

4980 

2  1 

1750 

3070 

3740 

4050 

4630 

4720 

10 

4  2 

1750 

2960 

3320 

4270 

4900 

5070 

20 

8.5 

1780 

2880 

3240 

3760 

4510 

4280 

33 

14  0 

1720 

2820 

3110 

3540 

4270 

4230 

50 

21.3 

1700 

2420 

2790 

3260 

3630 

3640 

Average  1720 

2860 

3280 

3880 

4480 

4490 

Age  at  Test,  1  Year 

o 

2330 

3680 

4510 

57902 

6550 

6870 

2  1 

2190 

3920 

4630 

5220 

6200 

6540 

10 

4.2 

2320 

3910 

4630 

5410 

6030 

6340 

20 

8  5 

2220 

3950 

4560 

5030 

5700 

5750 

14  0 

2370 

3820 

4070 

4520 

4930 

5500 

50 

21.3 

2200 

3250 

3760 

4320 

4570 

5020 

Average  2270 

3780 

4360 

5050 

5660 

6000 

'S&me  as  values  for  relative  consistency  1.10  in  Table  4. 
2Average  of  10  or  15  tests. 
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Table  6. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

(Series  130.) 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix  by  volume.  Relative  consistency  of  concrete,  1.10. 

Hydrated  Lime  added  to  materials  in  batch;  expressed  as  percentage  of  volume  of  cement. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

Data  platted  in  Fig.  5  and  Table  18. 


Fine¬ 


ness  Hydrated  Lime, 
Mod-  per  cent  of  cement 
ulus 


Water, 

ratio  to  volume  of  cement 


Compressive  Strength,  lb.  per  sq.  in. 
(age,  28  days) 


of 

Aggre¬ 

gate 

By 

Volume 

By 

Weight 

1:9 

1:6 

1:5 

1:4 

1:3 

1:9 

1:6 

1:5 

1:4 

1:3 

Aver¬ 

age 

4.00' 

0 

0 

1.70 

1.26 

1.11 

0.96 

0.81 

440 

1120 

1270 

1630 

3140 

1520 

« 

10 

4.2 

1.75 

1.30 

1.15 

1.00 

0.85 

480 

920 

1350 

2000 

3120 

1570 

20 

8.5 

1.79 

1.35 

1.20 

1.04 

0.90 

510 

960 

1420 

2010 

2940 

1570 

“ 

33 

14.0 

1.85 

1.40 

1.25 

1.10 

0.95 

500 

1000 

1420 

2130 

2860 

1580 

50 

21.3 

1.90 

1.47 

1.33 

1.17 

1.02 

550 

1060 

1370 

1860 

2380 

1440 

Av.  500 

1010 

1370 

1930 

2890 

1540 

5.00* 

0 

0 

1.47 

1.10 

0.97 

0.85 

0.73 

800 

1620 

2210 

2910 

3910 

2290 

10 

4.2 

1.52 

1.14 

1.01 

0.90 

0.77 

780 

1630 

2330 

3020 

3630 

2280 

“ 

20 

8.5 

1.56 

1.19 

1.06 

0.94 

0.81 

850 

1760 

2320 

2820 

3670 

2280 

33 

14.0 

1.62 

1.24 

1.11 

0.99 

0.87 

840 

1700 

2120 

2570 

3080 

2060 

“ 

50 

21.3 

1.67 

1.31 

1.19 

1.07 

0.94 

900 

1500 

2040 

2400 

2560 

1880 

Av.  830 

1640 

2200 

2740 

3370 

2140 

5.50' 

0 

0 

1.36 

1.03 

0.92 

0.80 

0.69 

1100 

2040 

2790 

3370 

4280 

2720 

10 

4.2 

1.40 

1.07 

0.96 

0.85 

0.73 

1090 

2050 

2660 

3320 

3980 

2620 

20 

8.5 

1.44 

1.12 

1.00 

0.89 

0.77 

1100 

2060 

2620 

3090 

3560 

2490 

33 

14.0 

1.50 

1.17 

1.06 

0.94 

0.83 

1080 

2060 

2330 

2890 

3120 

2300 

“ 

50 

21.3 

1.56 

1.24 

1.13 

1.02 

0.90 

1080 

1980 

2070 

2540 

3050 

2140 

Av.1090 

2040 

2490 

3040 

3600 

2450 

5.75' 

0 

0 

1.32 

1.00 

0  89 

0.78 

0.68 

1260 2 

2230 2 

2670 

3540 2 

4200 

2780 

“ 

10 

4.2 

1.36 

1.04 

0.94 

0.83 

0.72 

1190 2 

2170 2 

2560 

3200 

3780 

2580 

“ 

20 

8.5 

1.40 

1.09 

0.97 

0.87 

0.76 

1260 2 

2190 2 

2430 

2890 

3300 

2410 

« 

33 

14.0 

1.46 

1.14 

1.03 

0.92 

0.82 

1070 2 

2070 2 

2350 

2600 

3080 

2230 

“ 

50 

21  3 

1.52 

1.21 

1.10 

1.00 

0.89 

1190 2 

1190 2 

2200 

2430 

2590 

1920 

Av.1190 

1970 

2440 

2930 

3390 

2380 

c.oo> 

0 

0 

1.27 

0  96 

0  86 

0.76 

0.66 

1260 

2100 

2710 

3390 

4430 

2780 

“ 

10 

4.2 

1.31 

1.00 

0.90 

0.80 

0.70 

1240 

2150 

2530 

3370 

3850 

2630 

20 

8.5 

1.36 

1.05 

0.95 

0.84 

0.74 

1210 

2100 

2450 

3150 

3530 

2490 

33 

14.0 

1.41 

1.10 

1.00 

0.90 

0.80 

1140 

1950 

2450 

2820 

3350 

2340 

“ 

50 

21.3 

1.47 

1.17 

1.07 

0.97 

0.87 

1100 

1830 

2270 

2730 

3090 

2200 

Av.1190 

2030 

2480 

3090 

3650 

2490 

6.251 

0 

0 

1.22 

0.93 

0.84 

0.74 

0.65 

1140 

1940 

2500 

3150 

4080 

2560 

« 

10 

4.2 

1.26 

0  OX 

0.88 

0.78 

0  60 

900 

1X40 

2340 

3130 

3810 

2420 

20 

8.5 

1.31 

1.02 

0.92 

0.82 

0.73 

970 

1960 

2280 

3280 

3520 

2400 

33 

14.0 

1.36 

1.07 

0.98 

0.88 

0.79 

980 

1810 

2190 

2980 

3170 

2230 

“ 

50 

21.3 

1.44 

1.14 

1.05 

0.95 

0.86 

950 

1730 

2020 

2680 

2810 

2040 

Av.1010 

1860 

2270 

3040 

3480 

2330 

6.50' 

0 

0 

1.18 

0.90 

0.81 

0.72 

0.63 

740 

1610 

2000 

2790 

3490 

2130 

“ 

10 

4.2 

1.23 

0.94 

0.85 

0.76 

0.67 

860 

1550 

2200 

2780 

3600 

2200 

“ 

20 

8.5 

1.27 

0.98 

0.90 

0.80 

0.71 

700 

1480 

1990 

3110 

3250 

2110 

U 

33 

14.0 

1.33 

1.04 

0.95 

0.86 

0.77 

870 

1760 

2170 

2810 

3340 

2190 

“ 

50 

21.3 

1.39 

1.11 

1.03 

0.93 

0.84 

770 

1580 

2090 

2690 

2800 

1990 

Av.  790 

1600 

2090 

2840 

3300 

2120 

6.751 

0 

0 

0.70 

0.62 

2540 

3470 

10 

4.2 

0.74 

0.66 

2430 

3340 

“ 

20 

8.5 

0.78 

0.70 

2390 

3100 

11 

33 

14.0 

0.84 

0.76 

2460 

3040 

50 

21.3 

0.91 

0.83 

2470 

2630 

Av . 

2460 

3120 

'All  aggregate  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1(4  in.  Different  values  of  fineness  modulus 
were  obtained  by  varying  the  proportions  of  sand  and  pebbles.  For  sieve  analysis  see  Table  2. 

2Average  of  10  or  15  tests. 
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Table  7.— Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in.  cylinders. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill. 

Admixture  added  to  materials  in  batch;  expressed  as  percentage  of  volume  of  cement. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

See  Table  2  for  sieve  analysis  of  aggregates. 


Hydrated 
Lime, 
per  cent 
of  cement 

For  Different  Sizes  of  Aggregates 

Water, 

ratio  to  volume  of  cement 

Compressive  Strength,  lb.  per  sq. 

(age,  28  days) 

in. 

Volume 

Weight 

0-28 

0-14 

0-8 

0-4 

0  -Vs 

o-H 

O-l'A 

0-28 

0-14 

0-8 

0-4 

o 

1 

0-M 

o 

i 

S 

1  :  5  Mix. 

Relative  Consistency, 

1.10. 

Series  130. 

0 

0 

1.52 

1.42 

1.26 

1.10 

0.97 

0.89 

470 

540 

1010 

1490 

2140 

2670 

5 

2  1 

1.54 

1.44 

1.28 

1.12 

0.99 

0.91 

440 

550 

990 

1600 

2340 

2570 

10 

4.2 

1.56 

1.47 

1.31 

1.15 

1.01 

0.94 

450 

570 

980 

1620 

2440 

2560 

20 

8.5 

1.60 

1.51 

1.35 

1.19 

1.05 

0.97 

500 

630 

1050 

1630 

2260 

2430 

33 

14.0 

1.65 

1.57 

1.40 

1.24 

1.11 

1.04 

460 

600 

1070 

1530 

1870 

2350 

50 

21.3 

1.73 

1.64 

1.47 

1.32 

1.18 

1.10 

530 

660 

1050 

1560 

1740 

2200 

Av. 

480 

590 

1020 

1570 

2130 

2460 

1  :  4  Mix.  Relative  Consistency,  1.10.  Series  130. 


0 

5 

10 

20 

33 

50 

Av. 

0 

2.1 

4.2 

8.5 

14.0 

21.3 

1.29 

1.31 

1.33 

1.38 

1.43 

1.50 

1.21 

1.23 

1.26 

1.30 

1.35 

1.43 

1.09 

111 

1.13 

1.18 

1.23 

1.30 

0.95 

0.97 

0.99 

1.04 

1.09 

1.16 

0.85 

0.87 

0.89 

0.94 

0.99 

1.06 

0.78 

0.80 

0.83 

0.87 

0.92 

1.00 

760 

690 

750 

760 

740 

850 

760 

840 

830 

950 

880 

940 

980 

900 

1360 

1490 

1480 

1540 

1520 

1330 

1450 

2130 

2300 

2250 

2260 

2230 

1900 

2180 

2820 

2900 

2680 

2720 

2460 

2420 

2670 

35402 

3320 

3200 

2890 

2600 

2430 

3000 

1  :  4  Mix. 

Relative  Consistency, 

1.00 

Series  114. 

0 

0 

1.13 

1.07 

1.00 

0.83 

0.77 

0.73 

970 

1170 

1360 

2490 

3530 

3310 

5 

2  2 

1.15 

1.09 

1.02 

0.85 

0.79 

0.75 

990 

1140 

1420 

2640 

3250 

3470 

10 

4.5 

1.17 

1.11 

1.04 

0.87 

0.81 

0.77 

950 

1180 

1440 

2580 

3290 

3300 

20 

8.9 

1.21 

1.15 

1.08 

0.91 

0  85 

0.81 

950 

1160 

1520 

2600 

2910 

3090 

33 

14.7 

1.26 

1.20 

1.13 

0.96 

0.90 

0.86 

1020 

1200 

1560 

2480 

2630 

2670 

50 

22.3 

1.33 

1.27 

1.20 

1.03 

0.97 

0.93 

1060 

1290 

1610 

2330 

2390 

2500 

Av. 

990 

1190 

1480 

2520 

3000 

3060 

■Average  of  15  tests. 


Table  8. — Effect  of  Natural  Cement  on  the  Strength  of  Portland 
Cement  Concrete — Series  130. 


Compression  tests  of  6  by  12-in.  cylinders. 

Mix  1  volume  of  Portland  cement  to  4  volumes  of  mixed  aggregate. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0—1 in.;  fineness  modulus  5.75;  see  Table  2. 
Natural  cement  added  to  materials  in  batch;  expressed  as  percentage  of  volume  of  Portland  cement. 
Specimens  stored  in  damp  sand:  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 


Natural  Cement, 
per  cent  of 
Portland  Cement 


For  Different  Ages. 
Relative  Consistency,  1.10 


Compressive  Strength,  lb.  per  sq.  in. 

For  Different  Relative  Consistencies. 

Age  at  Test,  28  days 


Volume 

Weight 

3  d. 

7  d. 

28  d. 

3  mo. 

lyr- 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

0 

0 

1030‘ 

I860' 

3540  ■ 

4370  ■ 

5790' 

3580' 

3710' 

3540 ' 

2600 

1550' 

800' 

10 

7.2 

1080 

1850 

2970 

4130 

5790 

3450 

3320 

2970 

2190 

1530 

740 

20 

14.5 

1080 

1720 

2910 

4110 

5410 

3380 

3680 

2910 

2200 

1480 

700 

33 

23.9 

1050 

1620 

2820 

3950 

5370 

3560 

3400 

2820 

2180 

1380 

650 

50 

36.2 

960 

1610 

2800 

3640 

4950 

3250 

2990 

2800 

1980 

1120 

660 

75 

54.3 

920 

1510 

2400 

3380 

4650 

2930 

2930 

2400 

1970 

1240 

570 

Natural  cement  only2. . . 

810 

1360 

2320 

3170 

4330 

2760 

2440 

2320 

1650 

1270 

520 

■Average  of  10  or  15  tests. 

"This  mixture  is  on  the  same  basis  as  the  Portland  cement  mixture  containing  no  natural  cement,  that 
is,  the  proportions  are  one  volume  of  cement  and  four  volumes  of  mixed  aggregate.  It  should  be  noted  that 
the  other  mixtures  in  this  table  are  on  a  somewhat  different  basis,  in  that  the  quantity  of  Portland  cement  is 
constant. 
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Table  9. — Effect  of  Storage  Condition  on  the  Strength  of  Concrete 
Containing  Hydrated  Lime — Series  114. 


Compression  tests  of  6  by  12-in.  concrete  cylinders. 

1  :  4  mix  by  volume;  hand-mixed  concrete;  relative  consistency,  1.00. 
Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-11$  in. 
Hydrated  lime  was  added  as  a  percentage  of  the  volume  of  the  cement. 
Each  value  is  the  average  of  five  tests  made  on  different  days. 

Data  platted  in  Fig.  9. 


Age 

Compressive  Strength  of  Concrete  Stored  in  Damp  Sand  for  Times  Indicated, 
Remainder  in  Air 

at 

Test 

Strength,  lb.  per  sq.  in. 

Strength,  per  cent 

Damp  1  l2  1  2  1  4  I  7  1  14  |  28  1  3  1  6  |  1 

Sand1  I  d.  1  d.  1  d.  I  d.  |  d.  1  d.  1  mo.l  mo.l  yr. 

l2 1  2  1  4  I  7  1  14  1  28 1  3 

d.  1  d.  1  d.  1  d.  |  d.  |  d.  |mo. 

6 

mo. 

i 

yr. 

Hydrated  Lime,  0  per  cent 


7  days . 

2090 

1890 

2010 

1930 

2090 

90 

96 

92 

100 

14  days . 

2750 

2410 

2690 

2750 

2770 

2750 

88 

98 

100 

100 

100 

21  days . 

3100 

3230 

104 

28  days . 

3400 

2980 

3020 

3070 

3670 

3780 

3400 

88 

89 

91 

108 

in 

100 

2  mo . 

4100 

4200 

109 

3  mo . 

4300 

2910 

3390 

3560 

3950 

4590 

4600 

4300 

68 

79 

83 

92 

107 

107 

3.5  mo . 

4500 

4730 

lO'i 

6  mo . 

4800 

4350 

5320 

4800 

91 

lil 

7  mo . . 

4900 

5500 

9  mo . 

5000 

4810 

5680 

12  mo . 

5150 

2740 

3010 

3290 

3750 

4040 

4350 

5340 

5770 

5150 

53 

58 

64 

73 

78 

84 

104 

112 

ioo 

13  mo . 

5170 

5920 

15  mo . 

5200 

6400 

18  mo . 

5220 

6570 

2  yr . 

5300 

3300 

3390 

3670 

3570 

4050 

4460 

4980 

5760 

6260 

62 

64 

69 

67 

76 

84 

94 

109 

118 

5  yr . 

5370 

3230 

3300 

3910 

3610 

3680 

3650 

4560 

4990 

5370 

60 

61 

73 

67 

68 

68 

85 

93 

100 

Hydrated  Lime,  10  per  cent 


7  days . 

2010 

1850 

1830 

2120 

2010 

92 

91 

106 

100 

14  days . 

2700 

2260 

2500 

2920 

2940 

2700 

84 

93 

108 

108 

100 

21  days . 

3050 

3270 

108 

28  days . 

3300 

2770 

2930 

3380 

3300 

3770 

3300 

84 

89 

102 

100 

iii 

100 

2  mo . 

3900 

4340 

1 1 1 

3  mo . 

4250 

3120 

3220 

3620 

4130 

4550 

4390 

4250 

73 

76 

85 

97 

107 

104 

100 

3.5  mo . 

4350 

4430 

102 

6  mo . 

4700 

4060 

4660 

4700 

86 

7  mo . 

4800 

5700 

9  mo . 

4880 

4610 

5340 

12  mo . 

4950 

3190 

3oio 

3440 

3950 

3850 

4510 

5230 

5910 

4950 

64 

61 

69 

80 

78 

91 

106 

120 

100 

13  mo . 

5000 

5650 

15  mo . 

5020 

6160 

18  mo . 

5050 

6320 

2  yr . 

5120 

3370 

3280 

3460 

4040 

4200 

4150 

4920 

5960 

6040 

66 

64 

68 

79 

82 

81 

96 

116 

118 

5  vr . 

5210 

3380 

2870 

3670 

3930 

4060 

3910 

4510 

4980 

5490 

65 

55 

70 

75 

78 

75 

87 

96 

105 

Hydrated  Lime,  33  per  cent 


7  days . 

1680 

1570 

1680 

1740 

1680 

93 

100 

104 

100 

14  days . 

2200 

2080 

2140 

2320 

2410 

2200 

95 

97 

106 

lib 

21  days . 

2450 

2680 

110 

28  days . 

2650 

2330 

2450 

2750 

3040 

2940 

2650 

88 

92 

104 

115 

111 

2  mo . 

3200 

3680 

115 

3  mo . 

3500 

2680 

2660 

3230 

3790 

3880 

3990 

3500 

76 

76 

92 

108 

111 

114 

100 

3.5  mo . 

3600 

3890 

108 

6  mo . 

4000 

3810 

4460 

4000 

95 

112 

7  mo . 

4100 

4460 

100 

9  mo . 

4300 

4520 

4940 

105 

115 

12  mo . 

4500 

2440 

2560 

3300 

3420 

3660 

4060 

4590 

5400 

4500 

54 

57 

73 

76 

82 

90 

102 

120 

100 

13  mo . 

4600 

4960 

108 

15  mo . 

4700 

5230 

18  mo . 

4800 

5410 

2  yr . 

5020 

2790 

2860 

3300 

3610 

3930 

4020 

4970 

5370 

5740 

56 

57 

66 

72 

78 

80 

99 

107 

114 

5  vr . 

5700 

2890 

2770 

3190 

3380 

3500 

3790 

4120 

4740 

4670 

51 

49 

56 

59 

61 

66 

72 

83 

82 

‘Specimens  stored  in  damp  sand  until  test.  Values  interpolated  from  age-strength  curves. 
Period  stored  in  damp  sand;  stored  in  air  remainder  of  time  before  test. 
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Table  10. — Effect  of  Hydrated  Lime  on  the  Compressive  and  Bond 
Strength  of  Concrete — Series  104. 

Compression  tests  of  6  by  12-in.  cylinders. 

Pull-out  tests  on  1-in.  plain  round  bar  embedded  in  8  by  8-in.  cylinder. 

Mix,  1  :  5  by  volume;  relative  consistency,  1.00. 

Aggregate;  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1 in. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

In  this  group  of  tests  the  hydrated  lime  replaced  an  equal  volume  of  cement;  therefore  the  quantity  of 
cement  decreased  witn  increased  percentage  of  hydrated  lime.  In  all  later  tests  hydrated  lime  was  added  to 
a  fixed  quantity  of  cement. 


Hydrated  Lime, 
per  cent  of  cement 
plus  hydrated  lime 

Water- 

Ratio1 

Compressive  Strength, 
lb.  per  sq.  in. 

Maximum  Bond  Stress, 
lb.  per  sq.  in. 

By  Volume 

By  Weight 

7  d. 

28  d. 

3  mo. 

1  yr. 

7  d. 

28  d. 

3  mo. 

lyr- 

0 

0 

0.88 

1310 

2730 2 

3550 

4020 

310 

6802 

760 

910 

5 

2.6 

0.91 

1310 

2410 

3730 

4120 

300 

660 

740 

940 

10 

5.3 

0.96 

1230 

2660 

3530 

4000 

380 

630 

710 

910 

20 

111 

1.08 

1120 

2280 

2950 

3800 

370 

510 

720 

860 

33 

19.8 

1.30 

810 

1720 

2260 

3080 

170 

370 

450 

620 

50 

33.4 

1.72 

520 

1030 

1470 

1510 

160 

2»0 

460 

400 

'Ratio  of  volume  of  mixing  water  to  volume  of  cement. 

"Average  of  15  tests  made  on  15  different  days. 


Table  11. — Effect  of  Hydrated  Lime  on  the  Strength  and  Wear  of 
Concrete — Series  114. 


Compression  tests  of  6  by  12-in.  cylinders. 

Mix  1  :  4  by  volume.  Relative  consistency,  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1  in. 

Hydrated  lime  added  to  materials  in  batch;  expressed  as  per  cent  by  volume  of  cement. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  for  compression  is  the  average  of  5  tests  made  on  different  days;  for  wear  average  of  15  tests 
made  on  3  different  days. 


Sieve  Analysis  of  Aggregate, 
Amount  Coarser  than 


Aggregate 


For  Different  Percentages  of 
Hydrated  Lime 


Ref¬ 

erence 

No.' 

No. 

100 

No. 

48 

per 

No. 

28 

Eac 

cenl 

No. 

14 

i  Sie 
by 

No. 

8 

ve, 

weig 

No. 

4 

ht 

H 

in. 

H 

in. 

i 

in. 

Fine¬ 

ness 

Mod¬ 

ulus2 

Sur¬ 

face 

Area3 

Compressive  Strength, 
lb.  per  sq.  in. 

(age,  28  days) 

Depth  of 

Wear,  in. 

(age,  3  months) 

0 

( 0.78)4 

10 

(0.83)4 

(03)2)4 

.  0 

(0.78)4 

10 

(0.83)4 

33 

(0.92)4 

264 

95 

89 

82 

75 

67 

67 

67 

62 

0 

6.04 

1565 

2780 

2620 

2310 

0.50 

0.44 

0.50 

268 

98 

95 

90 

83 

83 

83 

50 

22 

0 

6.04 

834 

2530 

2540 

2280 

0.48 

0.46 

0.60 

269 

98 

94 

90 

86 

83 

80 

55 

18 

0 

6.04 

898 

2590 

2610 

2220 

0.56 

0.46 

0.53 

270 

96 

90 

80 

80 

80 

80 

60 

38 

0 

6.04 

1391 

2570 

2660 

2100 

0.51 

0.54 

0.50 

274 

90 

85 

81 

78 

75 

73 

66 

56 

0 

0.04 

1992 

2580 

2410 

2320 

0.48 

0.40 

0.53 

275 

100 

93 

82 

73 

73 

73 

63 

47 

0 

6.04 

1076 

2880 

2610 

2290 

0.49 

0.45 

0.52 

276 

100 

100 

100 

92 

81 

60 

45 

26 

0 

6.04 

390 

2930 

2640 

2460 

0.52 

0.52 

0.58 

279 

100 

99 

96 

91 

80 

50 

50 

38 

0 

6.04 

514 

3040 

2700 

2280 

0.47 

0.44 

0.55 

281 

99 

98 

91 

86 

80 

76 

38 

38 

0 

6  04 

701 

3030 

2700 

2480 

0.46 

0.56 

0.58 

284 

99 

98 

91 

85 

80 

76 

67 

8 

0 

6.04 

685 

2690 

2790 

2440 

0.52 

0.51 

0.62 

Av.  2760 

2630 

2320 

0.50 

0.48 

0.55 

Minimum  value 

2530 

2410 

2100 

0.46 

0.44 

0.50 

Maximum  value. . 

3040 

2790 

2480 

0.56 

0.56 

0.62 

Mean  variation  from  average,  per  cent . . 

6.2 

2.7 

3.7 

4.6 

7.9 

6.4 

'Same  as  the  numbers  in  Table  2,  Bulletin  1  of  the  Structural  Materials  Research  Laboratory,  Lewis 
Institute,  Chicago. 

2Fineness  modulus  of  aggregate;  sum  of  the  percentages  in  the  sieve  analysis,  divided  by  100. 
sSurface  area  of  aggregate;  square  inches  per  pound  of  aggregate.  See  “Proportioning  the  Materials 
of  Mortars  and  Concretes  by  Surface  Areas  of  Aggregates,”  by  L.  N.  Edwards,  Proceedings,  Am.  Soc.  Testing 
Materials,  Vol.  18,  Part  2  (1918). 

4Ratio  of  mixing  water  to  volume  of  cement. 
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Table  12. — Effect  of  Hydrated  Lime  in  Concrete  Using  a  Constant 

Water-Ratio. 

(Data  from  Series  1141 


Compression  tests  of  6  by  12-in.  cylinders. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-134  in. 

Hydrated  lime  added  to  material  in  batch;  expressed  as  percentage  of  volume  of  cement. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

Sufficient  water  for  normal  consistency  was  used  for  50  per  cent  hydrated  lime;  the  same  quantity  was 
used  for  other  percentages,  consequently  as  the  percentage  of  hydrated  lime  decreased,  the  concrete  was  of 
higher  relative  consistency. 


Hydrated  Lime, 
per  cent  of  cement 

Compressive  Strength,  lb.  per  sq.  in. 

(age,  28  days) 

By  Volume 

By  Weight 

1  :  5  (1.03)1 

1  :  4  (0.93)> 

1  :  3  (0.83)> 

0 

0 

1990 

2140 

2640 

5 

2.2 

1710 

2320 

2570 

10 

4.5 

1990 

2110 

2560 

20 

8.9 

1970 

2410 

2470 

33 

14.7 

2170 

2410 

2610 

50 

22.3 

2080 

2260 

2560 

Average . 

1980 

2280 

2570 

Minimum  value . 

1710 

2110 

2470 

Maximum  value . 

2170 

2410 

2640 

Mean  variation  from  average,  per  cent . 

4.97 

4.60 

1.49 

■Water  in  batch,  ratio  to  volume  of  cement. 
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Table  13. — Effect  of  Powdered  Admixtures  on  the  Strength  of 

Concrete. 

(Data  from  Series  130) 

Compression  tests  of  6  by  12-in.  cylinders.  Mix  1  :  4  by  volume. 

Age  at  test,  28  days. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1}^  in.,  fineness  modulus,  5.75. 

Admixture  added  to  materials  in  batch;  expressed  as  percentage  of  volume  of  cement. 

Each  value  is  the  average  of  five  tests  made  on  different  days,  unless  otherwise  noted. 


Compressive  Strength  for  Different  Admixtures 
lb.  per  sq.  in. 


Admixture, 
per  cent 
of  cement 
by  volume 


TJ 

Brick 

Clay 

a 

o 

£ 

Hydrate 

Lime1 

Kaolin 

6c 

1 

3 

Lava 

Limestom 

Natural 

Cement2 

Sand 

Slag 

Tufa 

Whiting 

Yellow 

Ochre 

Average 

Relative  Consistency,  1.00 


03 

3710 

3710 

3710 

3710 

3710 

3710 

3710 

3710 

3710 

3710 

3710 

3710 

3710 

3710 

3710 

5 

3590 

3540 

3240 

3600 

3730 

3510 

3660 

3230 

3650 

3510 

3460 

3470 

3490 

3390 

3500 

10 

3700 

3520 

3450 

3580 

3620 

3440 

3770 

3640 

3320 

3420 

3810 

3420 

3560 

3600 

3560 

20 

3630 

3490 

3210 

3370 

3290 

3420 

3370 

3540 

3680 

3320 

3810 

3250 

3580 

3160 

3440 

33 

3550 

3460 

3050 

3000 

2950 

3260 

3080 

3200 

3400 

3020 

3920 

3150 

3330 

2880 

3240 

50 

3430 

3260 

2600 

2700 

2730 

2900 

3000 

2780 

2990 

3040 

3850 

2720 

3160 

2360 

2970 

Average. . . . 

3600 

3500 

3210 

3330 

3340 

3370 

3430 

3350 

3460 

3340 

3760 

3290 

3470 

3180 

3410 

Relative  Consistency,  1.10 


03 

3540 

3540 

3540 

3540 

3540 

3540 

3540 

3540 

3540 

3540 

3540 

3540 

3540 

3540 

3540 

5 

3420 

3510 

3230 

3320 

3380 

3310 

3280 

3340 

3350 

3190 

3400 

3200 

3360 

3560 

3340 

10 

2980 

3410 

3190 

3200 

3450 

3470 

3070 

3200 

2970 

3180 

3230 

3100 

3280 

3440 

3220 

20 

3230 

3110 

2890 

2890 

3060 

3140 

3080 

3050 

2910 

3080 

3540 

2960 

3350 

2950 

3090 

33 

3350 

3000 

2740 

2600 

2830 

2710 

2760 

2640 

2820 

2890 

3520 

2720 

2970 

2650 

2880 

50 

3060 

2640 

2520 

2430 

2250 

2500 

2660 

2590 

2800 

2610 

3590 

2350J 

2750 

2160 

2640 

Average. . . . 

3260 

3200 

3020 

3000 

3080 

3110 

3060 

3060 

3060 

3080 

3470 

298oj 

3210 

3040 

3120 

Relative  Consistency,  1.25 


03 

2600 

2600 

2600 

2600 

2600 

2600 

2600 

2600 

2600 

2600 

2600 

2600 

2600 

2600 

2600 

5 

2850 

2720 

235C 

2570 

2710 

2536 

2570 

2570 

2496 

2806 

2646 

2286 

2556 

2576 

2580 

10 

2680 

2820 

2286 

2406 

2716 

2406 

2536 

2426 

2196 

2516 

2780 

2566 

2516 

2646 

2530 

20 

2810 

2650 

2396 

2346 

2530 

2380 

2420 

2486 

2200 

2436 

2700 

2330 

2566 

2376 

2470 

33 

2720 

2500 

2046 

2040 

2430 

2180 

2160 

2250 

2180 

2386 

2690 

2206 

2280 

2066 

2290 

50 

2570 

2490 

2060 

1910 

1970 

1840 

2070 

2180 

1980 

2170 

2840 

2000 

2240 

1660 

2140 

Average. . . . 

2700 

2630 

2280 

2310 

2490 

2320 

2390 

2410 

2270 

2480 

2700 

2320 

2450 

2310 

2430 

Relative  Consistency,  1.50 


O3 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

5 

1670 

1796 

1430 

1320 

1840 

1576 

1410 

1506 

1480 

1650 

1596 

1666 

1496 

1550 

1570 

10 

1616 

1710 

1420 

1440 

1736 

1556 

1470 

1486 

1530 

1500 

1540 

1416 

1546 

1510 

1530 

20 

1480 

1680 

1430 

1410 

1750 

1410 

1240 

1410 

1480 

1470 

1660 

1376 

1470 

1610 

1490 

33 

1596 

1810 

1390 

1340 

1730 

1386 

1350 

1360 

1380 

1410 

1470 

1290 

1596 

1480 

1470 

50 

1710 

1700 

1230 

1140 

1480 

1230 

1230 

1300 

1120 

1270 

1600 

1160 

1540 

1170 

1350 

Average. . . . 

1600 

1700 

1400 

1360 

1680 

1440 

1370 

1430 

1420 

1470 

1560 

1400 

1520 

1470 

1490 

Grand  Average  op  All  Consistencies 


0 

2850 

2850 

2850 

2850 

2850 

2850 

2850 

2850 

2850 

2850 

2850 

2850 

2850 

2850 

2850 

5 

2880 

2890 

2560 

2700 

2920 

2736 

2730 

2666 

2746 

2790 

2776 

2656 

2726 

2770 

2750 

10 

2740 

2860 

2580 

2660 

2880 

2726 

2710 

2680 

2500 

2650 

2846 

2620 

2726 

2800 

2710 

20 

2790 

2730 

2480 

2500 

2660 

2590 

2530 

2620 

2570 

2580 

2936 

2480 

2746 

2520 

2620 

33 

2800 

2690 

2300 

2246 

2480 

2380 

2340 

2360 

2446 

2420 

2906 

2346 

2546 

2270 

2420 

50 

2690 

2520 

2100 

2040 

2110 

2120 

2240 

2210 

2220 

2270 

2970 

2060 

2420 

1840 

2280 

Average. . . . 

2790 

2760 

2480 

2500 

2650 

2560 

2570 

2560 

2550 

2590 

2880 

2500 

2660 

2510 

2600 

■High  calcium  hydrated  lime. 

2Values  for  5  per  cent  natural  cement  interpolated. 

■■Average  of  10  or  15  tests.  The  same  value  is  repeated  in  each  column. 
4Same  as  material  now  sold  under  the  name  of  Celite. 
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Table  14. — Effect  of  Powdered  Admixtures  on  the  Strength  of 
Concrete — Series  130. 

Compression  tests  of  6  by  12-in.  cylinders.  Mix  by  volume.  Relative  consistency,  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1^2  in.,  fineness  modulus,  5.75. 

Admixture  added  to  materials  in  batch;  expressed  as  percentage  of  volume  of  cement. 


Specimens  stored  in  damp  sand ;  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  dayB,  unless  otherwise  noted. 


Admixture, 
per  cent 
of  cement 
by  volume 

Mix  by  Volume 

Age  at  Test 

High  Calcium 
Hydrated  Lime 

High  Magnesium 

Hydrated  Lime 

Kaolin 

Kieselguhr3 

Limestone 

Natural 

Cement 

Sand 

Slag 

Tufa 

1  Whiting 

1  1 

0 

1  ;  9 

28  days 

1260‘ 

12201 

12201 

12201 

12201 

1220' 

1220‘ 

1220> 

5 

1160' 

1160 

1120 

990 

1240 

1230 

1250 

1140 

10 

1190 1 

1230 

1140 

1040 

1130 

1190 

1100 

1160 

20 

1260 1 

1330 

1170 

1040 

1180 

1340 

1170 

1240 

33 

1070  ‘ 

1430 

1110 

1100 

1250 

1420 

1120 

1340 

50 

1190 

1430 

1170 

1120 

1210 

1510 

1170 

1360 

1190 

1300 

1160 

1080 

1200 

1320 

1170 

1240 

0 

1  :  5 

28  days 

2670 1 

26701 

26701 

2670‘ 

2670‘ 

2670> 

2670' 

2670' 

5 

2570 

2700 

2520 

2450 

2450 

2460 

2490 

2420 

10 

2560 

2670 

2490 

2540 

2500 

2580 

2440 

2630 

20 

2430 

2620 

2450 

2490 

2370 

2730 

2510 

2580 

33 

2350 

2310 

2260 

2420 

2230 

2610 

2270 

2600 

50 

2200 

2280 

2140 

2270 

2080 

2640 

2000 

2410 

2460 

2540 

2420 

2470 

2380 

2620 

2400 

2550 

0 

1  :  3 

28  days 

4200‘ 

42001 

42001 

4200‘ 

4200' 

4200‘ 

4200' 

4200' 

5 

3780 

3520 

4110 

3830 

3760 

3800 

3650 

3620 

10 

3780 

3550 

3630 

3700 

3580 

3780 

3600 

3680 

20 

3300 

3230 

3330 

3620 

3370 

3670 

3230 

3520 

33 

3080 

2930 

3220 

3530 

3190 

3650 

2900 

3250 

50 

2590 

2570 

2760 

2900 

2850 

3440 

2630 

3090 

3460 

3330 

3540 

3630 

3490 

3760 

3370 

3560 

0 

1  :  4 

3  days 

1030> 

1030‘ 

1030  ‘ 

1030 1 

10301 

10301 

1030' 

1030' 

1030> 

1030' 

5 

990 

1100 

1040 

920 

1050 

1060 

1050 

1030 

1080 

1120 

10 

960 

1050 

1110 

950 

1050 

1080 

1100 

1020 

960 

1060 

20 

830 

1020 

1040 

870 

1140 

1080 

1060 

1020 

950 

1090 

33 

740 

910 

990 

710 

1110 

1050 

1080 

1020 

820- 

1060 

50 

890 

900 

830 

700 

1010 

960 

980 

950 

690 

1060 

910 

1000 

1010 

860 

1060 

1040 

1050 

1010 

920 

1070 

0 

1  :  4 

7  days 

18601 

I8601 

I860' 

1860‘ 

18601 

I860' 

I860' 

I860' 

18601 

I860' 

5 

1720 

1850 

1950 

1760 

1790 

1850 2 

1850 

1890 

1630 

1770 

10 

1880 

1820 

1910 

1550 

2030 

1850 

1730 

1620 

1730 

1800 

20 

1690 

1770 

1870 

1500 

1780 

1720 

1660 

1920 

1690 

1760 

33 

1590 

1660 

1570 

1380 

1740 

1620 

1700 

1820 

1450 

1700 

50 

1440 

1360 

1420 

1130 

1500 

1610 

1470 

1760 

1300 

1550 

1690 

1720 

1760 

1530 

1780 

1750 

1710 

1810 

1610 

1740 

0 

1  :  4 

28  days 

3540 

3540 

3540 

3540 

3540 

35401 

3540 

3540 

35401 

3540 ' 

5 

3320 

3350 

3380 

3310 

3340 

3400 2 

3190 

3400 

3200 

3360 

10 

3200 

3240 

3450 

3470 

3200 

2970 

3180 

3230 

3100 

3280 

20 

2890 

3180 

3060 

3140 

3050 

2910 

3080 

3540 

2960 

3350 

33 

2600 

2650 

2830 

2710 

2640 

2820 

2890 

3520 

2720 

2970 

50 

2430 

2380 

2250 

2500 

2590 

2800 

2610 

3590 

2350 

2750 

3000 

3060 

3080 

3110 

3060 

3070 

3080 

3470 

2980 

3210 

0 

1  :  4 

3  mo. 

4370 

4370 

4370 

4370 

4370 

4370 

4370 

4370 

4370 

4370' 

5 

4050 

4390 

4220 

4240 

3980 

4260 

4360 

4210 

4260 

4160 

10 

4270 

4240 

4130 

4260 

4200 

4130 

4260 

4260 

4140 

3990 

20 

3760 

3750 

3730 

3560 

4000 

4110 

4030 

4460 

4080 

3780 

33 

• 

3540 

3490 

3390 

3390 

3640 

3950 

3480 

4630 

3940 

3680 

50 

3260 

3090 

2640 

3040 

3360 

3640 

3280 

4600 

3730 

3600 

3880 

3890 

3750 

3810 

3920 

4080 

3960 

4420 

4090 

3930 

0 

1  :  4 

1  yr. 

5790 

5790 

5790 

5790 

5790 

5790 

5790 

5790 

5790 

5790‘ 

5 

5220 

5400 

5350 

5340 

4990 

5790 

5930 

5470 

5620 

5370 

10 

5410 

5290 

5360 

5220 

5290 

5790 

5290 

5700 

5840 

5040 

20 

5030 

5170 

4830 

4960 

5060 

5410 

4920 

6120 

5400 

4830 

33 

4520 

4720 

4460 

4370 

4930 

5370 

4690 

6150 

5490 

4810 

50 

4320 

3980 

3840 

4140 

4530 

4950 

4580 

6290 

5340 

4670 

Average. .  .  . 

5050 

5060 

4940 

4970 

5100 

5520 

5200 

5920 

1  5580 

5080 

‘Average  of  10  or  15  tests. 

“Values  for  5  per  cent  natural  cement  obtained  bv  interpolation. 
“Same  as  material  now  sold  under  the  name  of  Celite. 
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Table  15. — Effect  of  Powdered  Admixtures  on  the  Strength  of 

Concrete. 

(Data  from  Series  130) 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix  1  :  4  by  volume.  Relative  consistency  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1 in.,  fineness  modulus,  5.75. 

Admixture  added  to  materials  in  batch;  expressed  as  percentage  of  volume  of  cement. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 


Admixture, 
per  cent 
of  cement, 
by  volume 

Water, 

ratio  to  volume  of  cement 

Compressive  Strength, 
lb.  per  sq.  in. 

Hydrated  ] 

Lime  I  Gypsum 

Mica 

Pitch  |  Ironite 

Hydrated 

Lime 

Gypsum  |  Mica 

Pitch 

Ironite 

Age  at  Test,  3  Days 


O' 

or- 

0.78 

0.78 

0.78 

0.78 

1030 

1030 

1030 

1030 

1030 

1 

0.78 

0.79 

0.78 

0.79 

0.78 

1290 

1140 

1110 

1120 

2 

0.79 

0.79 

0.78 

0.79 

0.79 

1270 

1070 

1030 

1100 

5 

0.80 

0.81 

0.78 

0.80 

0.80 

990 

650 

1110 

1050 

1170 

10 

0.83 

0.83 

0.78 

0.82 

0.81 

960 

470 

1120 

950 

1070 

20 

0.88 

0.88 

0.78 

0.87 

830 

420 

970 

800 

* 

Average 

860 

1070 

1000 

Age  at  Test,  7  Days 


O' 

1 

0.78 

0.78 

0.78 

0.78 

0.78 

1860 

1860 

1860 

1860 

1860 

0.78 

0.79 

0.78 

0.79 

0.78 

1850 

1830 

1850 

1840 

2 

0.79 

0.79 

0.78 

0.79 

0.79 

1900 

1860 

1910 

1810 

5 

0.81 

0.81 

0.78 

0.80 

0.80 

1720 

810 

1860 

1760 

1700 

10 

0.83 

0.83 

0.78 

0.82 

0.81 

1880 

640 

1860 

1570 

1600 

20 

0.88 

0.88 

0.78 

0.87 

1690 

570 

1520 

1300 

Average 

1270 

1800 

1710 

Age  at  Test,  28  Days 


0‘ 

1 

0.78 

0.78 

0.78 

0.78 

0.78 

3540 

3540 

3540 

3540 

3540 

0.78 

0.79 

0.78 

0.79 

0.78 

3440 

3270 

3490 

3280 

2 

0.79 

0.79 

0.78 

0.79 

0.79 

3350 

3570 

3120 

3230 

5 

0.81 

0.81 

0.78 

0.80 

0.80 

3320 

2830 

3330 

3130 

3120 

10 

0.83 

0.83 

0.78 

0.82 

0.81 

3200 

980 

3420 

3050 

3220 

20 

0.88 

0.88 

0.78 

0.87 

2890 

860 

2710 

2590 

Average 

2500 

3310 

3150 

Age  at  Test,  3  Months 


O' 

0  78 

0  78 

0  78 

0  78 

0.78 

4370 

4370 

4370 

4370 

4370 

1 

0.78 

0.79 

0.78 

0.79 

0.78 

4420 

4290 

4500 

4050 

2 

0.79 

0.79 

0.78 

0.79 

0.79 

4330 

4370 

4480 

4390 

5 

0.81 

0.81 

0.78 

0.80 

0  80 

4050 

4080 

4190 

4120 

4310 

10 

0.83 

0.83 

0.78 

0.82 

0.81 

4270 

1230 

4050 

4000 

4090 

20 

0.88 

0.88 

0.78 

0.87 

3760 

800 

3200 

3390 

Average 

3200 

4080 

4140 

Age  at  Test,  1  Year 


O' 

0.78 

0.78 

0.78 

0.78 

0.78 

5790 

5790 

5790 

5790 

5790 

1 

0.78 

0.79 

0.78 

0.79 

0  78 

5570 

5800 

5640 

5510 

2 

0.79 

0.79 

0.78 

0.79 

0.79 

5570 

5650 

5810 

5620 

5 

0.81 

0.81 

0.78 

0.80 

0.08 

5220 

5610 

5710 

5180 

5700 

10 

0.83 

0.83 

0.78 

0.82 

0.81 

5410 

3990 

5300 

5070 

5570 

20 

0.88 

0.88 

0.78 

0.87 

5030 

2 

4250 

4600 

Average 

5420 

5350 

'Average  of  10  tests. 
’Disintegrated. 


44 


Structural  Materials  Research  Laboratory 


Table  16. — Effect  of  Hydrated  Lime  on  the  Plasticity  of  Concrete. 

(Data  from  Series  130.) 

Slump  tests  of  6  by  12-in.  concrete  cylinders. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1J-2  in.,  fineness  modulus,  5.75. 

Cement:  a  mixture  of  five  brands  purchased  in  the  Chicago  market. 

Admixture  added  to  cement. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 


Concrete, 

Mix 

by 

Admixture, 
per  cent  of  cement 

Slump  of  Concrete  for  Different 

Relative  Consistencies,  in. 

Volume 

By 

By 

0.90 

1.00 

1.10 

1.25 

1.50 

2.00 

Av. 

Volume 

Weight 

1:9 

0 

0 

4.6 

6.2 

2.1 

1.5 

5 

2.1 

4.5 

2.6 

0.3 

0.2 

10 

4.2 

4.7 

1.5 

1.5 

1.5 

20 

8.5 

4.8 

1.7 

0.2 

1.6 

33 

14.0 

0.0 

0.2 

0.3 

4.0 

Av.  3.8 

2.4 

0.9 

1.8 

1:6 

0 

0 

1.7 

0.3 

2.0 

4.0 

5 

2.1 

3.1 

0.3 

3.0 

5.5 

10 

4.2 

1.4 

0.3 

1.8 

5.6 

20 

8.5 

0.2 

0.5 

2.1 

7.8 

33 

14.0 

0.3 

0.5 

5.0 

7.8 

...  « 

Av.  1.3 

0.4 

2.8 

6.1 

1:5 

0 

0 

0.2 

0.3 

2.0 

6.7 

7.5 

8.6 

4.2 

5 

2.1 

1.1 

0.4 

4.9 

7.8 

6.9 

8.6 

5.0 

10 

4.2 

0.1 

0.5 

5.8 

7.4 

8.5 

7.6 

5.0 

20 

8.5 

0.2 

2.2 

5.0 

5.7 

8.4 

9.0 

5.1 

33 

14.0 

0.2 

1.9 

8.1 

8.0 

9.0 

9.2 

3~7 

50 

21.3  . 

0.3 

1.9 

6.8 

8.6 

9.6 

10.0 

6.2 

Av.  0.4 

1.2 

5.1 

7.4 

8.3 

8.8 

5.2 

1:4 

0 

0 

1.2 

0.7 

6.1 

6.8 

7.4 

8.7 

5.2 

5 

2.1 

0.1 

1.2 

6.8 

8.2 

8.9 

8.7 

5.6 

10 

4.2 

0.2 

2.0 

5.9 

8.3 

9.0 

9.2 

5.8 

20 

8.5 

1.5 

3.1 

6.4 

8.3 

9.4 

9.4 

0.4 

33 

14.0 

0.4 

3.1 

7.2 

8.9 

9.1 

9.5 

6.4 

50 

21.3 

0.3 

1.4 

0.1 

8.6 

9.4 

10.0 

6.0 

Av.  0.6 

1.9 

6.4 

8.2 

8.9 

9.3 

5.9 

1:3 

0 

0 

0.2 

4.2 

6.5 

8.3 

9.3 

9.8 

6.4 

5 

2.1 

0.2 

1.7 

6.3 

8.7 

9.2 

7.9 

5.7 

10 

4.2 

0.3 

2.3 

6.6 

8.4 

9.0 

9.8 

6.1 

20 

8.5 

1.2 

3.0 

6.4 

8.5 

9.5 

9.9 

6.4 

33 

14.0 

0.3 

3.3 

6.5 

8.4 

9.6 

10.0 

6.4 

50 

21.3 

0.3 

2.4 

0.2 

8.8 

9.8 

10.1 

6.3 

Av.  0.4 

2.8 

6.4 

8.5 

9.4 

9.6 

6.2 

1:2 

0 

0 

0.2 

1.2 

6.8 

8.8 

9.4 

9.8 

6.0 

5 

2.1 

0.4 

3.0 

6.6 

9.1 

9.9 

9.9 

6.5 

10 

4.2 

0.4 

2.1 

7.1 

9.1 

10.0 

10.4 

6.5 

20 

8.5 

0.2 

2.1 

5.5 

8.7 

9.8 

10.1 

6.1 

33 

14.0 

0.2 

1.0 

5.1 

8.3 

9.8 

10.4 

5.8 

50 

21.3 

0.1 

0.9 

4.8 

8.1 

9.9 

10.6 

5.7 

Av.  0.3 

1.7 

6.0 

8.7 

9.8 

10.2 

6.1 

Av.l 

0 

0 

0.4 

1.6 

5.4 

7.6 

8.4 

9.2 

5.5 

1:5  1 

5 

2.1 

0.4 

1.6 

6.2 

8.4 

8.7 

8.8 

5.7 

1:4  1 

10 

4.2 

0.2 

1.7 

6.4 

8.3 

9.1 

9.2 

5.8 

1:3  1 

20 

8.5 

0.8 

2.6 

5.8 

7.8 

9.3 

9.6 

6.0 

1:2  J 

33 

14.0 

0.3 

2.3 

6.2 

8.4 

9.4 

9.8 

6.1 

50 

21.3 

0.2 

1.6 

6.0 

8.5 

9.7 

10.2 

6  0 

Av.  0.4 

1.9 

6.0 

8.2 

9.1 

9.5 

5.8 
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Table  17. — Reduction  in  Strength  of  Concrete  by  Hydrated  Lime. 

(Effect  of  Size  of  Aggregate — Series  114  and  130.) 


Compression  tests  of  6  by  12-in.  concrete  cylinders. 

28-day  tests  of  hand-mixed  concrete. 

Reduction  in  strength  calculated  from  slope  of  curves  drawn  from  data  in  Table  7. 
Compare  Tables  18  and  19. 


Series 

Mix.  by 
Volume 

Relative 

Consistency 

Percentage  Reduction  in  Strength  for  Each 

1  per  cent  Hydrated  Lime, 
in  terms  of  volume  of  cement 

0  to 
No.  28 

0  to 
No.  14 

0  to 
No.  8 

0  to 
No.  4 

0  to 

H  in. 

0  to 

H  in. 

0  to 

1  Vi  in. 

114 

1:4 

1.00 

+0.21 

+0.18 

+0.32 

0.20 

0.64 

0.58 

130 

1:4 

1.10 

+0.44 

+0.24 

0 

0.22 

0.32 

0.60 

130 

1:5 

1.10 

+0.22 

+0.54 

0 

+0.06 

0.50 

0.34 

Note:  +  indicates  increase  in  strength. 


Table  18. — Reduction  in  Strength  of  Concrete  by  Hydrated  Lime. 

(Effect  of  Consistency  and  Grading  of  Aggregate) 


Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Reduction  in  strength  calculated  from  average  slope  of  curves  in  figures  indicated. 
Age  at  test  28  days. 

Compare  Tables  17  and  19. 


Relative 

Consist¬ 

ency 

Agg 

Size, 

in. 

regate 

Fineness 

Modulus.1 

Age 

at 

Test, 

days. 

Percentage  Reduction  in  Strength  for  Each 

1  per  cent  Hydrated  Lime, 
in  terms  of  volume  of  cement 

Values 

Calcu¬ 

lated 

from 

1:9 

1:6 

1:5 

1:4 

1:3 

1:2 

Average 

0.90 

0—1+2 

5.75 

28 

+0.12 

+0.12 

0.10 

0.38 

0.54 

0.62 

0 . 41 3 

Fig.  3 

1 .00 

0 

0 

0.28 

0.48 

0.58 

0.60 

0.483 4 

1.10 

0.15 

0.25 

0.32 

0.60 

0.68 

0.66 

0.563 

1.25 

0 

0.42 

0.48 

0.62 

0  64 

0.60 

0 . 583 

1.50 

0.56 

0.56 

0.64 

0.66 

0.603 

2.00 

0.72 

0  62 

0  70 

0.66 

0  683 

4Av.0.01 

0.14 

0.29 

0.52 

0.61 

0.62 

0.56 

1.10 

0-1+2 

4.00 

28 

+0.04 

0 

0 

0 

0.40 

0.07 

Fig.  5 

5.00 

+0.12 

0.12 

0.16 

0.42 

0.70 

0.25 

5.50 

0 

0 

0.52 

0.48 

0.66 

0.32 

5.75 

0.34 

0.30 

0.36 

0.56 

0.76 

0.46 

6.00 

0.24 

0.32 

0.28 

0.44 

0.64 

0.38 

6.25 

0.22 

0.20 

0.32 

0.38 

0.64 

0.35 

6.50 

0.12 

0 

0 

0.20 

0.42 

0.14 

6.752 

0 

0.44 

Av.0.11 

0.14 

0.24 

0.35 

0.61 

0.29 

“ 

Note:  -(-indicates  increase  in  strength. 

1  Fineness  modulus  of  aggregate:  the  sum  of  the  percentages  in  the  sieve  analysis,  divided  by  100.  See 
Table  2  for  sieve  analysis  of  aggregates. 

2  Omitted  from  average. 

8  Mixes  1:9  and  1:6  omitted  from  average. 

4  Relative  consistencies  1 .50  and  2.00  omitted  from  average. 


46 


Structural  Materials  Research  Laboratory 


Table  19. — Reduction  in  Strength  of  Concrete  by  Hydrated  Lime. 

Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Reduction  in  strength  calculated  from  average  slope  of  curves  in  figures  indicated. 

Compare  Tables  17  and  18. 


Mix 

by 

Volume 

Relative 

Consist¬ 

ency 

Aggregate 

Percentage  Reduction  in  Strength  for  Each 

1  per  cent  Hydrated  Lime, 
in  terms  of  volume  of  cement 

Values 

Calcu¬ 

lated 

from 

Size, 

in. 

Fineness 

Modulus 

3  days 

7  days 

28  days 

3  mo. 

1  year 

2  years 

5  years 

Av. 

1  : 4 

0.90 

o-iy2 

5.75 

0.52 

0.56 

0.54 

0.54 

0.44 

0.43 

0.50 

Fig.  1 

0.95 

0.50 

0.50 

0.54 

0.50 

0.53 

0.57 

0.52 

1.00 

0.62 

0.66 

0.60 

0.44 

0.62 

0.58 

0.59 

1 .05 

0.42 

0.50 

0.56 

0.50 

0.66 

0.42 

0.51 

1.10 

0.40 

0.68 

0.52 

0.40 

0.49 

0.28 

0.46 

1.25 

0.44 

0.60 

0.52 

0.32 

0.32 

0.27 

0.41 

1.50 

0.46 

0.52 

0.66 

0.66 

0.53 

0.44 

0.54 

2.00 

0.74 

0.74 

0.56 

0.58 

0.50 

0.58 

0.62 

Av . 

0.52 

0.56 

0.56 

0.50 

0.51 

0.43 

0.51 

1  :  9 

1.00 

o-i  ^ 

5.75 

+0.82 

+0.18 

+0.12 

+0.24 

+0.34 

+0.40 

+0.35 

Fig.  2 

1  :  6 

0.14> 

1  :  5 

0 

0.50 

0.52 

0.46 

0.23 

0.29 

0.33 

1  :  4 

0.58 

0.60 

0.62 

0.40 

0.62 

0.58 

0.57 

1  :  3 

0.85 

0.60 

0.55 

0.61 

0.60 

0.63 

0.64 

1  :  2 

0.66> 

Av . 

0.15 

0.38 

0.39 

0.31 

0.28 

0.28 

0.30 

1  :  9 

1.10 

o-i  H 

5.75 

0.22 

0.16 

0.15 

0 

0.11 

0.13 

Fig.  4 

1  :  6 

0.24 

0.12 

0.25 

0.36 

0.29 

0.25 

1  :  5 

0  26 

0.22 

0.32 

0  44 

0.30 

0.31 

1  :  4 

0.30 

0.40 

0.60 

0.52 

0.50 

0.46 

1  :  3 

0.40 

0.58 

0.68 

0.46 

0.59 

0.54 

1  :  2 

0.64 

0.72 

0.66 

0.52 

0.57 

0.62 

Av.0.34 

0.36 

0.44 

0.38 

0.39 

0.38 

1  :  42 

1.10 

o-i  ^ 

5  75 

0.30 

0  40 

0  60 

0.52 

0  50 

0  46 

1  :  43 

0.36 

0.52 

0.62 

0.62 

0.55 

0.56 

Av.0.33 

0.46 

0.61 

0.57 

0.58 

0.51 

Note:  +  indicates  increase  in  strength. 

1  Omitted  from  average. 

2  High  calcium  hydrated  lime. 

*  High  magnesium  hydrated  lime. 
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Table  20. — Effect  of  Powdered  Admixtures  on  the  Wear  of  Concrete 

— Series  130. 


Wear  tests  of  8  by  8  by  5-in.  blocks.  Mix  1  :  4  by  volume.  Relative  consistency,  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1 in.,  fineness  modulus,  5.75. 

Powdered  admixture  added  to  materials  in  batch;  expressed  as  percentage  of  volume  of  cement 
Specimens  tored  in  damp  sand  14  days,  remainder  in  air.  Age  at  test,  3  months. 

Wear  tests  made  in  Talbot-Jones  rattler. 

Each  value  is  the  average  of  15  tests  made  in  groups  of  five  on  three  different  days,  unless  otherwise  noted 


Admixture, 
per  cent 
of  cement 
by  volume 

Wear  for  Different  Admixtures,  inches 

Hydrated 
Lime  (High 
Calcium)1 

Kieselguhr3 

Powdered 

Limestone 

Powdered 

Slag 

Powdered 

Sand 

Natural 

Cement 

Average 

02 

0.40 

0.40 

0  40 

0.40 

0  40 

0.40 

0.40 

5 

0.36 

0.41 

0  45 

0.41 

0.36 

0.38 

0.40 

10 

0.40 

0.43 

0.45 

0.42 

0.42 

0.38 

0.42 

20 

0  45 

0.43 

0.41 

0.36 

0.39 

0.44 

0.41 

33 

0.49 

0.52 

0.42 

0.39 

0.38 

0.42 

0.44 

Average 

0.42 

0.44 

0.43 

0.40 

0.39 

0.40 

0.41 

'Values  from  1  :  4  mix  in  Table  21. 

2Average  of  30  tests  made  in  groups  of  five  on  six  different  days.  The  same  value  is  repeated  in  each 
column. 

8Same  as  material  now  sold  under  the  name  of  Celite. 


Table  21. — Effect  of  Hydrated  Lime  on  the  Wear  of  Concrete. 

(Data  from  Series  130) 


Wear  tests  of  8  by  8  by  5-in.  blocks. 

Mix  by  volume.  Relative  consistency,  1.10.  « 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-lp6  in.,  fineness  modulus  5.75. 

Hydrated  lime  added  to  materials  in  batch;  expressed  as  percentage  of  volume  of  cement. 

Specimens  stored  in  damp  sand  14  days;  remainder  in  air. 

Age  at  test,  3  months. 

Wear  tests  made  in  Talbot-Jones  rattler. 

Each  value  is  the  average  of  15  tests,  made  in  groups  of  five,  on  three  different  days,  unless  otherwise  noted . 


Hydrated 
Lime, 
per  cent 

Wear  for  Different  Mixtures,  inches 

1  :2J4 

of  cement 
by  volume 

1  :4J4 

1  :  4 

1  :3y2 

1  :  3 

Average 

O' 

0.40 

0.40 

0.38 

0.38 

0.34 

0.38 

5 

0.39 

0.36 

0.39 

0.37 

0.33 

0.37 

10 

0.39 

0.40 

0.38 

0.39 

0.36 

0.38 

20 

0.46 

0.45 

0.40 

0.40 

0.38 

0.42 

33 

0.48 

0.49 

0.41 

0.46 

0.44 

0.46 

Average 

0.42 

0.42 

0.39 

0.40 

0.37 

0.40 

'Average  of  30  tests  made  in  groups  of  five  on  six  different  days. 
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Table  22. — Effect  of  Hydrated  Lime  on  the  Yield  and  Density  of 
Concrete — Series  130. 


6  by  12-in.  cylinders. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1^  in.,  fineness  modulus,  5.75. 

Admixture  added  to  materials  in  batch;  expressed  as  percentage  of  volume  of  cement. 

Yield  is  tne  volume  of  concrete  produced  by  one  volume  of  mixed  aggregate. 

Density  is  the  total  solid  material  in  the  mass. 

Yield  and  density  were  calculated  from  weights  determined  immediately  on  removal  of  the  cylinders 
from  the  forms.  See  Table  23  for  other  data  on  yield  and  density. 

See  Table  4  for  water-ratio  and  strength  tests. 


Hydrated  Lime, 
per  cent 
of  cement 

For  Different  Relative  Consistencies 

Yield  of  Concrete 

■  Density  of  Concrete 

By  1  By 
Volume  |  Weight 

0.90  |  1.00  I  1.10  1  1.25 

1.50  1  2.00 

0.90  1  1.00  1  1.10  I  1.25  1  1.50 

2.00 

Mix  1  :  9  by  Volume 


0 

5 

10 

20 

33 

0 

2.1 

4.2 

8.5 

14.0 

0.988 

0.997 

0.998 

0.984 

0.997 

0.992 

0.995 

0.997 

0.983 

0.995 

0.991 

0.979 

1.002 

0.987 

1.000 

0.985 

0.993 

1.009 

0.997 

1.009 

0.834 

0.828 

0.829 

0.843 

0.837 

0.831 

0.826 

0.829 

0.844 

0.838 

0.832 

0.843 

0.825 

0.840 

0.835 

0.837 

0.832 

0.829 

0.832 

0.828 

Average. 

0.993 

0.992 

0.992 

0.999 

0.834 

0.834 

0.835 

0.832 

Mix  1  :  6  by  Volume 


0 

5 

10 

20 

33 

0 

2.1 

4.2 

8.5 

14.0 

1.016 

1.013 

1.017 

1.023 

1.026 

1.003 

1.011 

1.016 

1.023 

1.031 

1.008 

1.016 

1.021 

1.030 

1.038 

1.023 

1.026 

1.030 

1.044 

1.053 

0.838 

0.841 

0.842 

0.840 

0.845 

0.847 

0.844 

0.843 

0.840 

0.840 

0.845 

0.840 

0.838 

0.835 

0.835 

0.831 

0.832 

0.831 

0.823 

0.882 

Average . 

1.019 

1.017 

1.023 

1.015 

0.841 

0.843 

0.839 

0.828 

Mix  1  :  5  by  Volume 


0 

0 

1 

040 

1 

032 

1 

032 

1 

049 

1 

062 

1 

106 

0.833 

0.839 

0.839 

0.826 

0.816 

0.784 

5 

2.1 

1 

037 

1 

031 

1 

043 

1 

053 

1 

067 

1 

120 

0.839 

0.843 

0.833 

0.825 

0.815 

0.777 

10 

4.2 

1 

050 

1 

043 

1 

048 

1 

056 

1 

080 

1 

120 

0.832 

0.837 

0.833 

0.827 

0.808 

0.779 

20 

8.5 

1 

043 

1 

043 

1 

056 

1 

067 

1 

090 

l 

137 

0.842 

0.842 

0.833 

0.824 

0.806 

0.773 

33 

14.0 

1 

055 

1 

061 

1 

075 

1 

092 

1 

110 

1 

161 

0.840 

0.835 

0.824 

0.811 

0.798 

0.763 

50 

21.3 

1 

083 

1 

090 

1 

096 

1 

116 

1 

144 

1 

181 

0.827 

0.822 

0.818 

0.803 

0.783 

0.758 

Average. 

1 

051 

1 

050 

1.058 

1.072 

1.092 

1 

138 

0.836 

0.836 

0.830 

0.819 

0.804 

0.772 

Mix  1  :  4  by  Volume 


0 

0 

1 

063 

1 

063 

1 

077 

1 

094 

1 

110 

1 

151 

0.837 

0.837 

0.828 

0.814 

0.802 

0.774 

5 

2.1 

1 

069 

1 

076 

1 

082 

1 

099 

1 

126 

1 

160 

0.837 

0.832 

0.827 

0.815 

0.795 

0.772 

10 

4.2 

1 

068 

1 

082 

1 

089 

1 

106 

1 

130 

1 

174 

0.841 

0.830 

0.825 

0.812 

0.795 

0.764 

20 

8.5 

1 

076 

1 

092 

1 

107 

1 

125 

1 

144 

1 

199 

0.842 

0.828 

0.818 

0.804 

0.790 

0.755 

33 

14.0 

1 

111 

1 

120 

1 

129 

1 

140 

1 

178 

1 

217 

0.823 

0.817 

0.810 

0.802 

0.777 

0.752 

50 

21.3 

1 

136 

1 

153 

1 

163 

1 

183 

1 

207 

1 

241 

0.816 

0.802 

0.796 

0.782 

0.767 

0.746 

Average . 

1 

087 

1.098 

1 

108 

1.124 

1.149 

1.190 

0.833 

0.824 

0.817 

0.805 

0.788 

0.760 

Mix 

1  : 

3  by  Volume 

0 

0 

1 

140 

1 

132 

1 

142 

1 

160 

1 

187 

1 

236 

0.817 

0.823 

0.817 

0.803 

0.786 

0.754 

5 

2.1 

1 

148 

1 

140 

1 

156 

1 

176 

1 

203 

1 

246 

0.816 

0.822 

0.810 

0.797 

0.778 

0.752 

'  10 

4.2 

1 

147 

1 

154 

1 

162 

1 

182 

1 

211 

1 

262 

0.822 

0.815 

0.810 

0.796 

0.777 

0.746 

20 

8.5 

1 

168 

1 

176 

1 

185 

1 

205 

1 

238 

1 

294 

0.814 

0.809 

0.802 

0.788 

0.768 

0.734 

33 

14.0 

1 

209 

1 

203 

1 

221 

1 

242 

1 

277 

1 

328 

0.797 

0.800 

0.789 

0.775 

0.755 

0.726 

50 

21.3 

1 

241 

1 

238 

1 

256 

1 

278 

1 

306 

1 

380 

0.789 

0.791 

0.780 

0.767 

0.750 

0.710 

Average . 

1.176 

1 

174 

1.187 

1 

207 

1 

237 

1.291 

0.809 

0.810 

0.801 

0.788 

0.769 

0.737 

Mix 

1  : 

2  by  Volume 

0 

0 

1 

281 

1 

275 

1 

276 

1 

300 

1 

.345 

1 

.417 

0.790 

0.794 

0.794 

0.778 

0.752 

0.714 

5 

2.1 

1 

293 

1 

278 

1 

297 

1 

313 

1 

.359 

1 

.431 

0.788 

0.791 

0.786 

0.775 

0.750 

0.712 

10 

4.2 

1 

310 

1 

297 

1 

310 

1 

332 

1 

381 

1 

.456 

0.783 

0.791 

0.783 

0.770 

0.742 

0.705 

20 

8.5 

1 

360 

1 

318 

1 

349 

1 

366 

1 

403 

1 

507 

0.765 

0.79C 

0.772 

0.762 

0.742 

0.692 

33 

14.0 

1 

406 

1 

364 

1 

396 

1 

416 

1 

469 

1 

546 

0.754 

0.777 

0.759 

0.748 

0.721 

0.685 

50 

21.3 

1 

444 

1 

437 

1 

452 

1 

478 

1 

537 

1 

611 

0.750 

0.754 

0.746 

0.733 

0.705 

0.672 

Average. 

1.349 

1 

328 

1 

347 

1 

368 

1 

416 

1 

495 

0.772 

0.784 

0.773 

0.761 

0.735 

0.697 
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Table  23— Effect  of  Hydrated  Lime  on  the  Yield  and  Density  of 

Concrete. 


6  by  12-in.  cylinders. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1J4  'n->  fineness  modulus,  5.75. 

Admixture  added  to  materials  in  batch ;  expressed  as  percentage  of  volume  of  cement. 

Yield  is  the  volume  of  concrete  produced  by  one  volume  of  mixed  aggregate. 

Density  is  the  total  solid  material  in  the  mass. 

Yield  and  density  were  calculated  from  weights  determined  immediately  on  removal  of  the  cylinders 
from  the  forms. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

See  Table  22  for  other  data  on  yield  and  density  of  concrete. 


Hydrated  Lime, 
per  cent 
of  cement 


By 

Volume 


By 

Weight 


For  Different  Sizes  of  Aggregate 


Yield  of  Concrete 


Density  of  Concrete 


0  to 

0  to 

0  to 

0  to 

0  to 

0  to 

0  to 

0  to 

0  to 

0  to 

0  to 

0  to 

0  to 

No. 

No. 

No. 

No. 

^8 

X 

1*4 

No. 

No. 

No. 

No. 

X 

X 

1*4 

28 

14 

8 

4 

in. 

in. 

in. 

28 

14 

8 

4 

in. 

in. 

in. 

1  :  5  Concrete.  Relative  Consistency,  1.10.  Series  130 


0 

0 

1.151 

1.140 

1.077 

1.076 

1.060 

1.032 

0.633 

0.649 

0.716 

0.762 

0.806 

0.839 

5 

2  1 

1.157 

1.127 

1.091 

1.064 

1.050 

1.043 

0.633 

0.661 

0.709 

0.772 

0.817 

0.833 

10 

4  2 

1.162 

1.133 

1.104 

1.070 

1.055 

1.048 

0.632 

0.658 

0.703 

0.770 

0.816 

0.833 

20 

8.5 

1.156 

1.126 

1.106 

1.079 

1.077 

1 .056 

0.641 

0.669 

0.708 

0.769 

0.805 

0.833 

33 

14.0 

1.157 

1.122 

1.101 

1.089 

1.083 

1.075 

0.647 

0.677 

0.717 

0.769 

0.807 

0.824 

50 

21.3 

1.168 

1.148 

1.110 

1.099 

1.143 

1.096 

0.649 

0.671 

0.720 

0.772 

0.773 

0.818 

Average . 

1.158 

1.132 

1.098 

1.080 

1.078 

1.058 

0.639 

0.664 

0.712 

0.769 

0.804 

0.830 

1  :  4  Concrete.  Relative  Consistency,  1.10.  Series  130 


0 

0 

1.136 

1.159 

1.121 

1.106 

1.100 

1.077 

0.663 

0.660 

0.709 

0.762 

0.799 

0.828 

5 

2  1 

1.168 

1.147 

1.111 

1.105 

1.091 

1.082 

0.648 

0.671 

0.719 

0.766 

0.809 

0.827 

10 

4.2 

1.166 

1.154 

1.118 

1.102 

1.097 

1.089 

0.652 

0.668 

0.717 

0.771 

0.807 

0.825 

20 

8.5 

1.180 

1.167 

1.130 

1.123 

1.116 

1.107 

0.649 

0.668 

0.716 

0.762 

0.800 

0.818 

33 

14.0 

1.196 

1.173 

1.146 

1.137 

1.137 

1 . 129 

0.650 

0.672 

0.715 

0.762 

0.795 

0.810 

50 

21.3 

1.224 

1.196 

1.164 

1.157 

1.163 

1.163 

0.644 

0.670 

0.713 

0.760 

0.786 

0.796 

Average. 

1.178 

1.166 

1.132 

1.122 

1.117 

1.108 

0.651 

0.668 

0.715 

0.764 

0.799 

0.817 

1  :4  Concrete.  Relative  Consistency,  1.00.  Series  114 


0 

5 

10 

20 

33 

50 


0 

1.116 

1.110 

1.096 

1.065 

1.042 

1.050 

0.672 

0.691 

0.723 

0.794 

0.828 

0.842 

2  2 

1.117 

1.112 

1.100 

1.065 

1.048 

1.057 

0.675 

0.693 

0.724 

0.798 

0.828 

0.841 

4.5 

1.120 

1.113 

1.102 

1.071 

1.060 

1.062 

0.676 

0.695 

0.725 

0.796 

0.821 

0.838 

8.9 

1.132 

1.127 

1.103 

1.093 

1.073 

1.080 

0.674 

0.693 

0.730 

0.786 

0.818 

0.831 

14  7 

1.144 

1  142 

1.122 

1.112 

1.093 

1 .098 

0.676 

0.691 

0.726 

0.780 

0.811 

0.828 

22.3 

1.170 

1.162 

1.142 

1.131 

1.130 

1.123 

0.671 

0.689 

0.724 

0.778 

0.795 

0.820 

1.133 

1.128 

1.110 

1.089 

1.074 

1.078 

0.674 

0.692 

0.725 

0.789 

0.817 

0.833 

Average 


50 


Structural  Materials  Research  Laboratory 


Table  24. — Outline  of  Tests — Series  147. 

Compression  tests  of  6  by  12-in.  cylinders.  Mix  by  loose  volume. 

Cement:  a  mixture  of  5  brands  of  Portland  cement  purchased  in  Chicago. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  and  crushed  limestone  from  Chicago.  In  all  cases  the 
mixed  aggregate  was  graded  0-1  Yi  in. 

High-calcium  hydrated  lime  was  added  to  the  materials  in  the  batch;  expressed  as  a  percentage  of  volume 
of  cement.  In  Groups  3  and  4  Portland  cement  was  considered  as  an  admixture  in  the  same  way  as  hydrated 
lime. 

The  plasticity  of  the  fresh  concrete  was  measured  by  means  of  the  “Flow-table,”  using  a  truncated  cone 
mold  654  in.  top  diameter,  10  in.  bottom  diameter  and  5  in.  hign.  The  table  was  dropped  15  times  in  about 
8  seconds.  The  “flow”  is  expressed  in  per  cents  of  the  original  base  diameter. 

Specimens  stored  in  moist  room  until  date  of  test. 

Ten  specimens  for  each  condition  were  made  on  different  days. 

Series  begun  August  17,  1920.  Finished  October  20,  1920. 


Number 

Aggregate 

Admixture 

Age 

of  Tests 

Mix 

Relative 

Group 

Fineness 

by 

Per  Cent 

Consist- 

Test, 

Kind 

Mod- 

Volume 

Material 

of  Volume 

ency 

Days 

In  a 

Total 

ulus 

of  Cement 

Set 

1  :  6] 

0] 

[0.90] 

1  :  5 

5 

11.00 

1 

Sand  and  Pebbles. . 

5.75 

1  :4[ 

Hydrated 

10 

1.10 

28 

10 

1250 

1  :  3 1 

Lime 

20 

1.25 

1  :2j 

33  J 

U-50J 

[Sand  and  Pebbles] 

[5.50  ] 

01 

5 

2 

l  Sand  and  Crushed  > 

1  :  4 

Hydrated 

10 

1.10 

28 

10 

150 

[  Limestone  J 

[5.75' J 

Lime 

20 

33 

0 

[  Hydrated  1 

1 

[1  :5\ 

11  :  4/ 

Lime 

2 

3 

Sand  and  Pebbles. 

5.75 

1  \ 

5 

1.25 

28 

10 

280 

Portland 

10 

(Note  1) 

(  Cement  J 

20 

33 

0 

f  Hydrated  ] 

1 

Lime 

2 

4 

Sand  and  Pebbles. 

5.75 

1  :  4 

1  \ 

5 

1.10 

28 

10 

140 

Portland  | 

10 

(Note  2) 

(  Cement  J 

20 

33 

Total 

1820 

■Sand  and  crushed  limestone  only;  compare  with  similar  values  for  sand  and  pebbles  in  Group  1. 
Note  1. — In  Group  3  calculate  the  quantity  of  mixing  water  for  the  original  mixes.  Use  the  same  quantity 
of  water  after  adding  hydrated  lime  or  cement. 

Note  2. — In  Group  4  calculate  quantity  of  mixing  water  for  original  mix.  For  concrete  containing 
hydrated  lime  and  additional  cement  use  quantity  of  water  required  to  give  the  same  “flow”  as  the  original  mix. 


Table  25. — Tests  of  Cement. 

The  cements  used  consisted  of  mixtures  of  equal  parts  of  5  brands  of  Portland  cement  purchased  in  Chicago. 
1  :  3  Standard  Sand  Mortar. 

All  tests  were  made  according  to  the  Standard  Specifications  and  tests  for  Portland  Cement  (Serial 
Designation:  C9-21)  of  the  American  Society  for  Testing  Materials. 


Fineness  Residue 
on  No.  200  Sieve 

N  ormal  Consistency, 
per  cent  by  weight 

Time  of  Setting 

Soundness  Test 
(over  Boiling  Water) 

Mixing  Water, 
per  cent 

Briquets 

2  by  4-in. 
Cylinders 

Vicat 

Needle 

Gillmore 

Needle 

Tensile 
Strength, 
lb.  per  sq.  in. 

Compressive 
Strength, 
lb.  per  sq.  in. 

Initial 
h  m 

Final 
h  m 

Initial 
h  m 

Final 
h  m 

7 

da. 

28 

da. 

3 

mo. 

6 

mo. 

7 

da. 

28 

da. 

3 

mo. 

6 

mo. 

18.2 

18.8 

22.6 

22.5 

5  00 

3  20 

8  25 

8  45 

6  45 

5  45 

9  50 

9  00 

OK 

OK 

10.3 

10.3 

270 

250 

360 

350 

420 

420 

390 

445 

2220 

1710 

3740 

3010 

4340 

4020 

4840 

3640 
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Table  26. — Sieve  Analysis  of  Aggregates. 


Sieves  manufactured  by  the  W.  S.  Tyler  Co.,  Cleveland,  Ohio. 


Sieve  Number  or 
Size 

Size  of 
Clear 
Opening, 
in. 

Amounts  Coarser  than  Each  Sieve, 
per  cent  by  weight 

Sand 

Pebbles 

Crushed 

Limestone 

Mixed  Aggregate 

5.50' 

5.75' 

No.  100 . 

0.0058 

97 

100 

100 

99 

99 

No.  48 . 

0.0116 

85 

100 

100 

94 

95 

No.  28 . 

0.023 

57 

100 

100 

84 

87 

No.  14 . 

0.046 

38 

100 

100 

78 

81 

No.  8 . 

0.093 

15 

100 

100 

68 

74 

No.  4 . 

0.185 

2 

100 

100 

64 

70 

Vs  i" . 

0.37 

75 

75 

47 

52 

%  in . 

0.75 

25 

25 

16 

17 

Fineness  Modulus .... 

2.94 

7.00 

7.00 

5.50 

5.75 

Unit  weight,  lb.  per  cu.  ft . 

112 

110 

96 

1302 

1282 

1242 

1232 

'Fineness  modulus  of  mixed  aggregates. 

"The  upper  values  are  for  mixtures  of  sand  and  pebbles;  the  lower  values  for  mixtures  of  sand  and  crushed 
limestone. 
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Table  27. — Effect  of  Hydrated  Lime  in  Concrete. 

(Data  from  Group  1  Series  147) 


Compression  tests  of  6  by  12-in.  cylinders.  Age  at  test,  28  days. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1H  in. 

Concrete  for  each  specimen  mixed  by  hand  in  1/5  cu.  ft.  batch. 

The  plasticity  of  the  fresh  concrete  was  measured  by  means  of  the  “flow-table.”  (See  Table  24  for 
further  details.) 

Specimens  stored  in  moist  room  until  day  of  test. 

Each  value  is  the  average  of  10  tests  made  on  different  days. 


Hydrated  Lime, 
Per  cent 
of  Volume 
of  Cement 

“Flow”  of  Concrete  of  Different 
Relative  Consistencies 

Compressive  Strength  of  Concrete  of 
Different  Relative  Consistencies, 
lb.  per  sq.  in. 

0.90 

1.00 

1.10 

1.25 

1.50 

0.90 

1.00 

1.10 

1.25 

1.50 

Mix  1  :  6  by  Volume 


0 . 

146 

170 

195 

217 

222 

2630 

2270 

1830 

1490 

980 

5 . 

149 

180 

203 

220 

230 

2680 

2180 

1980 

1430 

900 

10 . 

147 

182 

204 

226 

231 

2560 

2190 

1870 

1300 

890 

20 . 

152 

187 

212 

232 

232 

2470 

2080 

1740 

1240 

790 

33 . 

149 

194 

223 

235 

236 

2310 

1930 

1520 

1160 

650 

Average . 

149 

183 

207 

226 

230 

2530 

2130 

1790 

1380 

840 

Mix  1  :  5  by  Volume 


0 . 

143 

182 

215 

232' 

2542 

3350 

2890 

2450 

I860' 

1100 

5 . 

143 

188 

217 

237 

2542 

3460 

3020 

2580 

1700 

1060 

10 . 

140 

194 

216 

232 

254" 

3380 

2890 

2370 

1660 

1050 

20 . 

145 

194 

217 

238 

2542 

3140 

2780 

2300 

1620 

960 

33 . 

142 

196 

225 

241 

2542 

3180 

2590 

2110 

1470 

940 

Average . 

143 

191 

218 

236 

2542 

3300 

2830 

2360 

1660 

1020 

Mix  1  :  4  by  Volume 


0 . 

148 

192 

225' 

244' 

2542 

4080 

3600 

3270' 

2440' 

1590 

5 . 

151 

191 

222 

243 

254" 

4290 

3600 

3200 

2360 

1460 

10 . 

147 

191 

224 

242 

2542 

4180 

3520 

3090 

2170 

1400 

20 . 

154 

204 

231 

2542 

2542 

3780 

3260 

2760 

1880 

1180 

33 . 

144 

200 

233 

2542 

2542 

3590 

2930 

2610 

1990 

1130 

Average . 

149 

196 

227 

2472 

2542 

3980 

3380 

2990 

2170 

1350 

Mix  1  :  3  by  Volume 


0 . 

144 

194 

234 

2542 

2542 

4670 

4440 

3900 

3180 

2060 

5 . 

151 

201 

237 

2542 

2542 

4800 

4280 

3870 

3050 

1980 

0 . 

145 

196 

234 

2542 

2542 

4780 

4230 

3650 

3010 

1780 

20 . 

144 

190 

230 

2542 

2542 

4180 

3730 

3390 

2740 

1610 

13. . : . 

147 

202 

239 

2542 

2542 

3820 

3420 

2910 

2470 

1490 

Average . 

146 

197 

235 

2542 

2542 

4450 

4020 

3540 

2890 

1780 

Mix  1  :  2  by  Volume 


0 . 

145 

192 

232 

2542 

2542 

5480 

5100 

4720 

4050 

2910 

5 . 

150 

197 

234 

2542 

2542 

5460 

4980 

4440 

3840 

2790 

10 . 

144 

197 

233 

2542 

2542 

5260 

4690 

4290 

3460 

2610 

20 . 

148 

194 

233 

2542 

2542 

4770 

4140 

3750 

3090 

2300 

33 . 

140 

190 

228 

2542 

2542 

4240 

3840 

3350 

2830 

1910 

Average . 

145 

194 

232 

2542 

2542 

5040 

4550 

4110 

3450 

2500 

'Average  of  30  tests,  10  from  each  of  3  independent  sets  of  tests  in  Groups  1,  3  and  4;  1860  average  of 
1790, 1880, 1900;  3270  average  of  3250, 3240, 3330;  and  2440  average  of  2420,  2390,  2510.  (Compare  Table  32.) 
"Exceeded  diameter  of  flow  table. 


Table  28. — Comparison  of  Pebbles  and  Crushed  Limestone. 

(Data  from  Series  147) 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix  1  :  4  by  volume.  Relative  consistency,  1.10. 

Age  at  test,  28  days. 

Cement:  a  mixture  of  5  brands  of  Portland  cement  purchased  in  Chicago. 

Aggregate:  Sand  from  Elgin,  Ill.,  graded  0-No.  4  sieve.  Pebbles  from  Elgin,  Ill.,  graded  No.  4-1}^  in. 
Crushed  Limestone  from  Chicago,  graded  No.  4-1}^  in. 

High-calcium  hydrated  lime  was  added  to  the  materials  in  the  batch;  expressed  as  a  percentage  of  the 
volume  of  cement. 

Concrete  for  each  specimen  was  mixed  by  hand  in  1/5  cu.  ft.  batch. 

The  plasticity  of  the  fresh  concrete  was  measured  by  means  of  the  “flow-table.”  (See  Table  27.) 
Specimens  stored  in  moist  room  until  day  of  test. 

Each  value  is  the  average  of  10  tests  made  on  different  days.  


Hydrated  Lime, 
Per  Cent 
of  Volume 
of  Cement 

“Flow”  of  Concrete 

Compressive  Strength,  lb.  per  sq.  in. 

Pebbles 

Crushed  Limestone 

Pebbles 

Crushed  Limestone 

5.50* 

5.751 

Av. 

5.501 

5.751 

Av. 

5.50' 

5.75' 

Av. 

5.50' 

5.75' 

Av. 

0 . 

228 

225 2 

224 

200 

190 

195 

3200 

3220 2 

3210 

3240 

3180 

3210 

5 . 

231 

222 2 

226 

206 

193 

200 

3200 

3200 2 

3200 

3070 

3020 

3040 

10 . 

228 

224 2 

226 

209 

195 

202 

2960 

3090 2 

3020 

2980 

2950 

2960 

20 . 

239 

231 2 

235 

215 

202 

208 

2810 

2760 2 

2780 

2840 

2690 

2760 

33 . 

233 

233 2 

233 

216 

201 

208 

2510 

2610 2 

2560 

2540 

2540 

2540 

Average . 

232 

227 2 

229 

209 

196 

203 

2940 

2980 2 

2950 

2930 

2880 

2900 

'Fineness  modulus  of  aggregate,  5.75,  was  derived  by  mixing  30  per  cent  of  sand  and  7  0  per  cent  of  pebbles 

or  crushed  limestone  by  volume;  for  5.50,  the  values  were  37  and  63  per  cent.  See  Table  26  for  sieve  analysis 
of  aggregates. 

2Same  as  values  for  1  :  4  mix  and  relative  consistency  1.10  in  Table  27  (3220,  average  of  30  tests). 


Table  29. — Comparison  of  Hydrated  Lime  and  Portland  Cement 
as  “Admixtures.” 

Compression  tests  of  6  by  12-in.  cylinders. 

Age  at  test,  28  days. 

Cement:  a  mixture  of  5  brands  of  Portland  cement  purchased  in  Chicago. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1^  in. 

High-calcium  hydrated  lime  was  added  to  the  materials  in  the  batch;  expressed  as  a  percentage  of  the 
volume  of  cement. 

Concrete  for  each  specimen  was  mixed  by  hand  in  1/5  cu.  ft.  batch. 

The  plasticity  of  the  fresh  concrete  was  measured  by  means  of  the  “flow  table."  (See  Table  24.) 
Specimens  stored  in  moist  room  until  day  of  test. 

Each  value  is  the  average  of  10  tests  made  on  different  days. 


a  c 

cu  a> 

o  a 

M  0> 

So 


a  ° 
s  a 

-o> 

<!v 


“Flow”  of  Concrete 


Compressive  Strength,  lb.  per  sq.  in. 


Mix  1 

:  5 

Mix  ] 

:  4 

Hy- 

Ce- 

Hy- 

Ce- 

drated 

ment 

drated 

ment 

Lime 

Lime 

Average 

Mix  1 

:  5 

Hy- 

Ce- 

Hy- 

Ce- 

drated 

ment 

drated 

ment 

Lime 

Lime 

Mix  1 

:  4 

Average 

Hy- 

Ce- 

Hy- 

Ce- 

drated 

ment 

drated 

ment 

Lime 

Lime 

Group  3.  Mixing  Water  Constant  for  Each  Mix,  “Flow”  Variable.  Concrete  Without 
Admixture  of  Relative  Consistency  1.25 


0 

233 

232 

245 

245 

239 

239 

1900 

1880 

2510 

2390 

2210 

2140 

(232)i 

(244)i 

(238) 

(1890)i 

(2440)' 

(216 

)) 

1 

235 

230 

239 

242 

237 

236 

1960 

1950 

2440 

2520 

2200 

2240 

2 

231 

227 

238 

240 

234 

234 

1980 

1990 

2520 

2610 

2250 

2300 

5 

232 

230 

237 

240 

234 

235 

1930 

2060 

2570 

2770 

2250 

2410 

10 

229 

237 

231 

232 

230 

234 

2030 

2410 

2620 

3100 

2320 

2750 

20 

231 

229 

229 

233 

230 

231 

2190 

2790 

2740 

3500 

2460 

3140 

33 

220 

223 

212 

216 

216 

220 

2240 

3410 

2810 

4080 

2520 

3740 

Group  4.  Mixing  Water  Increased  with  Admixture  to  Produce  Constant  “Flow.” 
Concrete  Without  Admixture  of  Relative  Consistency  1.10 


0 

230 

225 

3180 

3240 

(225)' 

s 

(3220)' 

1 

229 

226 

3310 

3280 

2 

229 

229 

3120 

3130 

5 

231 

222 

3130 

3540 

10 

231 

218 

3060 

3510 

20 

226 

224 

2950 

3830 

33 

222 

218 

2840 

4290 

Aver. 

228 

223 

3090 

3540 

•Average  of  30  tests,  10  each  from  the  two  independent  sets  of  tests  in  the  line  above  (without  hydrated 
lime  or  additional  cement),  and  10  tests  from  the  corresponding  mixes  in  Group  1. 
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Table  30. — Reduction  in  Strength  of  Concrete  by  Hydrated  Lime. 

Compression  tests  of  6  by  12-in.  cylinders  at  age  of  28  days. 

Changes  in  strength  are  percentages  for  each  1  per  cent  addition  of  hydrated  lime  (by  volume  of  cement). 
The  values  were  determined  from  the  curves  in  Fig.  16  to  18. 


Relative 

Fineness 

Reduction  in  Strength 

Consist- 

Kind  of  Aggregate 

ency 

of  Aggre- 

gate 

1  :  6 

1  :  5 

1  :  4 

1  :  3 

1  :  2 

Average 

Group  1.  Mixing  Water  Increased  in  Proportion  to  Quantity  op  Hydrated  Lime  and 
Its  Normal  Consistency 


.90 

Sand  and  pebbles 

5.75 

0.40 

0.39 

0.63 

0.75 

0.74 

0.58 

1.00 

u  u  u 

5.75 

0.47 

0.47 

0.59 

0.80 

0.91 

0.65 

1.10 

u  u  u 

5.75 

0.77 

0.48 

0.71 

0.80 

0.91 

0.73 

1.25 

u  u  u 

5.75 

0.60 

0.48 

0.84 

0.75 

0.98 

0.73 

1.50 

u  u  u 

5.75 

1.00 

0.47 

0.87 

0.91 

0.98 

0.85 

Average 

0.65 

0.46 

0.72 

0.80 

0.90 

0.71 

Group  2.  Mixing  Water  Increased  in  Proportion  to  Quantity  of  Hydrated  Lime  and 
Its  Normal  Consistency 


1.10 

Sand  and  pebbles 

Sand  and  crushed  limestone 

5.50 

5.75 

5.50 

5.75 

Average 

0.62 

0.62 

0.62 

0.62 

0.62 

0.62 

0.62 

0.62 

0.62 

0.62 

Group  3.  Mixing  Water  Constant  for  all  Percentages  of  Hydrated  Lime;  “Flow”  Variable 

1.25a 

Sand  and  pebbles 

5.75 

+0.666 

+0.576 

+0.61 

Group  4.  Mixing  Water  Increased  with  Quantity  of  Admixture  to  Obtain  a  Constant  “Flow” 

1.10c 

Sand  and  pebbles 

5.75 

0.34d 

0.34 

+Represents  an  increase  in  strength. 

o  Relative  consistency  of  mix  containing  no  hydrated  lime  was  1.25.  As  hydrated  lime  was  added  the  mix 
became  drier,  or  about  1.05  relative  consistency  for  33  per  cent  hydrated  lime.  It  would  be  expected  that 
hydrated  lime  would  increase  the  strength  of  concrete  under  these  conditions. 

6  The  addition  of  Portland  cement  increased  the  strength  of  the  concrete  by  2.58  per  cent  and  2.25  per 
cent  respectively.  The  “flow”  was  affected  alike  by  hydrated  lime  and  cement. 

c  Water  calculated  for  concrete  without  hydrated  lime.  With  the  addition  of  hydrated  lime  sufficient 
water  was  added  to  keep  “flow”  approximately  constant. 

d  Addition  of  cement  in  a  like  manner  gave  an  increase  of  1.00  per  cent. 
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Table  31. — Reduction  in  Strength  of  Concrete  Due  to  Certain 
Percentages  of  Hydrated  Lime. 


Based  on  compression  tests  of  6  by  12-in.  cylinders  at  age  of  28  days  in  Group 
inclined  dotted  lines  in  Fig.  16. 


1 ;  computed  from  slopes  of 


Mix  by 
Volume 

Hydrated  Lime 

Per  Cent  of  Volume  of 

Per  Cent 
of 

Weight 

of 

Cement 

Reduction  in  Strength  of  Concrete, 
per  cent. 

0.901 

1.001 

1.101 

1.251 

1 . 50* 

Average 

Aggregate 

C  ement 

1  :  6 

5 

•  30 

12.8 

10.7 

13.5 

14.2 

21.0 

30.6 

18.0 

1  :  5 

25 

11.6 

5.8 

6.2 

9.0 

15.8 

13.6 

10.1 

1  :  4 

20 

8.5 

7.4 

9.4 

15.6 

23.0 

25.8 

16.2 

1  :  3 

15 

6.4 

4.1 

10.4 

9.8 

9.4 

17.7 

10.3 

1  :  2 

10 

4.2 

4.0 

8.0 

9.1 

14.6 

10.3 

9.2 

Average 

6.4 

9.5 

11.5 

16.8 

19.6 

12.8 

1  :  6 

4 

24 

10.2 

8.0 

10.6 

8.7 

18.1 

23.5 

13.8 

1  :  5 

20 

8.5 

6.3 

3.8 

6.1 

12.9 

12.7 

8.4 

1  :  4 

16 

6.9 

3.4 

6.6 

11.6 

13.1 

20.2 

11.0 

1  :  3 

12 

5.1 

0.2 

7.0 

7.7 

6.9 

15.0 

7.4 

1  :  2 

8 

3.4 

2.6 

5.9 

7.8 

10.9 

7.9 

7.0 

Average 

4.1 

6.8 

8.4 

12.4 

15.9 

9.5 

1  :  6 

3 

18 

7.7 

5.3 

7.5 

3.5 

16.1 

17.3 

9.9 

1  :  5 

15 

6.4 

2.6 

1.9 

4.7 

11.8 

8.6 

5.9 

1  :  4 

12 

5.2 

+0.5 

3.6 

7.6 

9.8 

14.7 

7.0 

1  :  3 

9 

3.8 

+2.4 

4.5 

5.4 

5.0 

11.2 

4.7 

1  :  2 

6 

2.5 

1.1 

3.5 

6.6 

7.2 

5.5 

4.8 

Average 

1.2 

4.2 

5.6 

10.0 

11.5 

6.5 

1  Relative  consistency  of  concrete. 


+  Represents  an  increase  in  strength. 


Table  32. — Variation  in  Parallel  Sets  of  Tests. 


Aggregate:  sand  and  pebbles,  fineness  modulus  5.75. 
Concrete  strength  is  given  in  pounds  per  square  inch. 


Groups 

Mix 

by 

Volume 

Relative 

Consist¬ 

ency 

Hydrated 
Lime, 
per  cent 

Strength  as  Determined  by 
Duplicate  Sets  of  10  Tests 

Flow  as  Determined 
by  Duplicate  Sets  of 

10  Tests 

First 

Set 

Second 

Set 

Differ¬ 

ence 

Per 

Cent 

First 

Set 

Second 

Set 

Differ¬ 

ence1 

1  and  3 

1  :  5 

1.25 

0 

1790 

J1880 

90 

4.90 

230 

232 

2 

1  and  3 

1  :  5 

1.25 

0 

1790 

1900 

110 

5.96 

230 

230 

0 

3 

1  :  5 

1.25 

0 

1880 

1900 

20 

1.06 

232 

230 

2 

1  and  4 

1  :  4 

1.10 

0 

3250 

3240 

10 

0.31 

221 

225 

4 

1  and  4 

1  :  4 

1.10 

0 

3250 

3330 

80 

2.43 

221 

230 

9 

4 

1  :  4 

1.10 

0 

3240 

13330 

90 

2.74 

225 

230 

5 

1  and  3 

1:4  . 

1.25 

0 

2420 

2390 

30 

1.24 

242 

245 

3 

1  and  3 

1  :  4 

1.25 

0 

2420 

2510 

90 

3.65 

242 

245 

3 

3 

1  :  4 

1.25 

0 

2390 

2510 

120 

4.90 

245 

245 

0 

3  and  4 

1  :  4 

1.10 

33 

2810 

2840 

30 

1.06 

212 

222 

10 

Average 

2.82 

3.8 

1  Differences  are  also  percentages  based  on  the  original  base  diameter  of  the  truncated  cone,  “flow”  =100 
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Fig.  1— Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

(Different  Consistencies  and  Ages — Series  114.) 


Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Mix,  1:4  by  volume. 

Sand  and  pebble  aggregate,  graded  0-114  in.,  fineness  modulus,  5.75. 
Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 
Compare  Fig.  2  to  5. 


Compress/ fe  Sfrergi/i  —  /h per  sc?,  /n 
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Hydra/ed  L  ime  -  Percent  of  l/o/ume  of  C emery/' 

Fig.  2. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

(Different  Mixes  and  Ages — Series  114.) 

Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Relative  consistency  of  concrete,  1.00. 

Sand  and  pebble  aggregate,  graded  0-1^2  in.,  fineness  modulus,  5.75. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

Compare  Fig.  1,  3,  4  and  5. 


Compressive  Strength,  lb. per sq.  in . 
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Fig.  3. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

(Different  Mixes  and  Consistencies — Series  130.) 

Compression  tests  of  6  by  12-in.  concrete  cylinders.  Data  from  Table  4. 
Sand  and  pebble  aggregate,  graded  0-1 54  in.,  fineness  modulus,  5.75. 
Specimens  stored  in  datnp  sand;  tested  damp  at  age  of  28  days. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

Compare  Fig.  1,  2,  4  and  5. 


Compress/ve  Strength  -  tb.  per  sg.  /n 
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Fig.  4. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 
(Different  Mixes  and  Ages — Series  130.) 


Compression  tests  of  6  by  12-in.  concrete  cylinders.  Data  from  Table  S. 
Mix  by  volume. 

Sand  and  pebble  aggregate,  graded  0-1)4  in.,  fineness  modulus,  S.7S. 
Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

Compare  Fig.  1  to  3  and  5. 
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Hydrated  Lime,  Percent  of  Volume  of  Cement. 

Fig.  5. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

(Different  Gradings  of  Aggregates  and  Mixes — Series  130.) 

Compression  tests  of  6  by  12-in.  concrete  cylinders.  Data  from  Table  6. 

Specimens  stored  in  damp  sand;  tested  damp  at  age  of  28  days. 

Sand  and  pebble  aggregate,  graded  0-1)4  in.  Different  values  of  fineness  modulus 
were  derived  by  combining  sand  and  pebbles  in  different  proportions.  Values  for  fineness 
modulus  5.50  to  6.00,  represent  the  usual  range  for  aggregates  of  this  size.  For  sieve 
analysis  see  Table  2. 
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Cement,  Percent  of  Aggregate 
plus  Cement. 


Added  ■  Percentage  of  Volume  of  Cement. 

Replaced ■  >»  »«  >j  '»  »  plus  Hydrated  Lime. 


Fig.  6. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 


Compression  tests  of  6  by  12-in.  cylinders  at  age  of  28  days. 

Aggregate,  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-1 in.,  fineness  modulus, 

5. 75. 

Specimens  stored  in  damp  sand;  tested  damp. 

In  the  upper  right  corner  the  relation  between  the  strength  of  concrete  and  the 
quantity  of  cement  is  platted  for  different  percentages  of  hydrated  lime.  In  the  tests 
hydrated  lime  was  added  to  the  cement;  however,  the  effect  of  replacing  cement  by 
hydrated  lime  is  also  indicated.  The  intersections  of  the  vertical  dotted  curves  with  the 
solid  curves  give  the  strengths  of  concrete  when  hydrated  lime  was  added  and  the  diag¬ 
onal  dotted  lines  give  the  strengths  of  concrete  when  the  cement  was  replaced  by 
hydrated  lime. 

The  other  diagrams  in  this  figure  show  the  relative  strength  of  concrete  of  different 
mixtures,  both  where  hydrated  lime  was  added  to  the  cement  in  the  batch,  and  where 
the  hydrated  lime  replaced  cement. 

Based  on  tests  in  Table  4. 

Compare  Fig.  11  and  12. 


Compressive  Strength,  lb.  per  sq.  in. 
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0.50  0.75  1.00  1.25  1.50  1.75  2.00 

Water. Ratio  to  Volume  of  Cement. 


Fig.  7. — Water-Ratio-Strength  Relation  for  Concrete  With  and  Without 

Hydrated  Lime. 

(Series  130.) 

Compression  tests  of  6  by  12-in.  cylinders.  Data  from  Tables  4  to  7. 

Specimens  stored  in  damp  sand;  tested  damp  at  age  of  28  days. 

In  platting  these  curves  all  water  except  that  absorbed  by  the  aggregate  was 
accredited  to  the  cement;  that  is,  the  water  absorbed  by  the  hydrated  lime  was  not 
deducted  in  calculating  the  water-ratio.  For  example,  the  water-ratio  for  a  1  :  4  mix 
(relative  consistency,  1.10,  with  aggregate  of  fineness  modulus,  5.75),  without  hydrated 
lime  is  0.78;  with  50  per  cent  hydrated  lime  it  is  1.00.  The  strength  in  the  first  instance 
is  3100  lb.  per  sq.  in.,  while  with  50  per  cent  hydrated  lime  it  is  2400  lb.  per  sq.  in. 
These  curves  bring  out  the  water-ratio-strength  relation  for  a  given  condition,  but  do  not 
show  directly  the  effect  of  hydrated  lime  on  the  strength  of  concrete. 

Similar  curves  may  be  drawn  for  other  percentages  of  hydrated  lime. 

Compare  Fig.  10. 


Coropnsss/ioe  Sf/~e/7^/A  -  //.perscy.  /n. 


Effect  of  Powdered  Admixtures  in  Concrete 


63 


3000 


38  obey  f&sfs 

- 1 - 1 - 1 - 

y8  obey  fesfs 

35  ATbcfcs/css  S.  73 

fT/f.  37 
f?.C.  /./O. 

3 

'N 

fv/ 

sene 

M/W 

7c 

7//e. 

s\ 

'  ^ 

\ 

7b 

O/e 

f 

/& 

< 

VD  X 

s: 

•s 

'O  20  30  97  0  /OO  /ZO  7.30  A60/.80  ZOO 

CyrT7<?r?f  -  ptsscreryf  f?&/c?fSs-e  Cons/sfeoccy 

Zis/csme  of  Coocns/e 


OCSC/Lf 

3000 

r  i  1  i 

28  c/ocs  Ass/s 

9000 

37/3  /:/  Oey  l/o/o 

-  SO  O  /  SO! 

070 

3000 

78/ 

fa  6 

zooo 

i 

\ 

78/3 

°  cT 

/ooo 

j/8t 

i  37/W  46/y  lb/csone 
e/of/ye  fon5/s/s’oa//& 

o 

3/00/7055  s\£>c/cs/usS.75 
7/o/eo  rof/o  0.73 

/.OO  ZOO  3.00  6.00 3.00  6.00 

f/norcess  Poc/cs,  'css 
of  f/peyre  5757/0 


3  7 


90  360 


sOoo  of  fesf-  focys 
/ 7ocp.  sco/ej 


Fig.  8. — Typical  Concrete  Strength  Relations. 
(Series  130.) 

Compression  tests  of  6  by  12-in.  cylinders.  Mix  by  volume. 

Sand  and  pebble  aggregate. 

Specimens  stored  in  damp  sand;  tested  damp. 

Each  value  is  the  average  of  five  or  more  tests  made  on  different  days. 
Data  from  Tables  4  to  6. 
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Fig.  9. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete  Cured  under 
Different  Conditions. 

(Series  114.) 

Values  expressed  as  percentages  of  strength  of  concrete  stored  in  damp  sand  until 
tested.  Specimens  stored  in  damp  sand  for  periods  indicated;  remainder  of  time  in  air 
until  tested  at  ages  noted  on  curves. 

Compression  tests  of  6  by  12-in.  cylinders.  Mix,  1  :  4  by  volume. 

Sand  and  pebble  aggregate,  graded  0-1)4  in.,  fineness  modulus,  5.75. 

Relative  consistency  of  concrete,  1.00. 

Each  value  is  the  average  of  five  tests  made  on  different  days. 

One  and  five-year  tests  not  platted. 

Data  from  Table  9. 
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Fig.  10. — Effect  of  Water  on  the  Strength  of  Mortar. 

(Series  100.) 

Compression  tests  of  2  by  4-in.  cylinders,  neat  and  1:3  mixes. 

Specimens  stored  in  water;  tested  damp  at  age  of  28  days. 

Details  of  these  tests  are  not  reported.  Similar  data  are  on  hand  from  tests  at 
7  days,  3  months  and  1  year.  Compare  Fig.  7. 


Percentage  of  Strength  of  Cement  Containing  no  Admixture. 
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Cement  100  90  80  70  60  50  100  90  80  70  60  50  40 


Percentage  by  Weight. 

Fig.  11. — Relative  Strengths  of  Sand  and  Slag  Cements. 
(Series  58.) 


Values  are  expressed  as  percentages  of  the  strength  of  mortar  or  concrete  using 
Portland  cement  without  admixture. 

Sand  or  slag  was  added  to  the  cement  prior  to  final  grinding. 

For  mortar  strength  and  miscellaneous  tests  of  sand  and  slag  cements,  see  Table  1. 
Mortar  specimens  stored  in  water;  tested  wet. 

Concrete  specimens  stored  in  damp  s'and;  tested  damp. 

Points  shown  for  7-day  and  1-year  tests  only.  The  average  is  from  7-day,  28-day, 
3-month,  6-month  and  1-year  tests. 

Each  value  is  the  average  of  four  tests  made  on  different  days. 

Further  details  of  these  tests  are  not  reported. 

Compare  Fig.  6  and  12. 
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Fig.  12. — Relative  Strengths  of  Sand  and  Slag  Cements. 
(Series  59.) 


Values  expressed  as  percentages  of  strength  of  mortar  or  concrete  using  Portland 
cement  without  admixture. 

Sand  or  slag  was  added  to  the  cement  prior  to  final  grinding. 

For  mortar  strength  and  miscellaneous  tests  of  sand  and  slag  cements,  see  Table  1. 

For  grading  of  aggregates  see  Table  2.  The  fineness  modulus  of  the  aggregate  was 
varied  by  causing  the  grading  to  conform  to  certain  predetermined  smooth  sieve  and 
analysis  curves. 

Specimens  stored  in  water;  tested  wet. 

Each  value  is  the  average  of  6  to  8  tests  made  on  3  or  4  different  days. 

Further  details  of  these  tests  are  not  reported. 

Compare  Fig.  6  and  11. 


Change  in  Weight  of  Concrete,  Percent. 
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Age  of  Concrete,  days.  Time  Immersed  in  Water,  days. 

Fig.  13. — Effect  of  Powdered  Admixtures  in  Concrete  on  the  Evaporation 
and  Absorption  of  Water. 

(Series  130.) 

Tests  made  on  8  by  8  by  5 in.  wear  blocks;  evaporation  tests  were  made  during  the 
period  of  air  storage  in  the  laboratory,  following  14  days  in  damp  sand.  Absorption 
tests  were  made  on  the  same  blocks,  subsequent  to  the  wear  test,  at  the  age  of  about 
6  months. 

Each  value  for  evaporation  is  the  average  of  75  tests  made  in  sets  of  5  on  3 
different  days. 

Each  value  for  absorption  is  the  average  of  10  to  25  tests. 

See  Tables  20  and  21  for  results  of  wear  tests. 
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Fig.  14. — Talbot-Jones  Rattler  for  Wear  Tests  of  Concrete. 

Wear  tests  were  made  on  8  by  8  by  5-in.  concrete  blocks,  after  storage  for  2  weeks 
in  damp  sand  and  10  weeks  in  air. 

Test  consists  of  1800  revolutions  of  the  head  at  30  r.  p.  m.,  using  200  lb.  of  cast- 
iron  balls;  10  balls,  3*4  in.  in  diameter  and  about  140  balls,  lj£  in.  in  diameter. 
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Fig.  15. — Effect  of  Quantity  of  Cement  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in.  cylinders  at  28  days.  Data  from  Group  1.  (Table  27.) 
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Fig.  16. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in.  cylinders  at  28  days.  Data  from  Group  1.  (Table  27.) 
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Fig.  17. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in.  cylinders  at  28  days.  Data  from  Group  2.  (Table  28.) 
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Fig.  18. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in.  cylinders  at  28  days.  Data  from  Group  3.  (Table  29.) 
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Fig.  19. — Effect  of  Hydrated  Lime  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in.  cylinders  at  28  days.  Data  from  Groups  1  and  4. 

(Tables  27  and  29.) 


Flow.Percent.  — >j«" Cubic  Centimeters  of  Mixing  Water. 


Bulletin  9 

Structural  Materials  Research  Laboratory 
Lewis  Institute 
Chicago 


Quantities  of 
Materials  for  Concrete 

By 

DUFF  A.  ABRAMS 

Professor  in  Charge  of  Laboratory 
and 

STANTON  WALKER 

Associate  Engineer 


Published  by  the 

STRUCTURAL  MATERIALS  RESEARCH  LABORATORY 
Second  Edition,  April,  1925 


FOREWORD 


The  first  edition  of  this  Bulletin  was  published  in  November,  1921. 
In  this  second  edition  the  text  has  been  rewritten  and  rearranged, 
although  no  fundamental  changes  in  treatment  have  been  made.  The 
principal  changes  are : 

(1)  The  addition  of  Fig.  1,  the  water- ratio-strength  relation  for 

concrete  which  forms  the  basis  of  the  tables. 

(2)  Statement  of  the  quantity  of  mixing  water  which  forms  the 

basis  of  the  tables  of  proportions. 

(3)  Tables  for  1500-lb.  concrete  have  been  omitted;  concrete  of 

this  quality  is  seldom  required. 

(4)  References  to  literature  have  been  revised. 

(5)  Examples  are  given  of: 

(a)  Conversion  of  quantity  of  aggregates  measured  dry 
and  rodded,  into  terms  of  field  measurements. 

(b)  Estimation  of  proportions  for  aggregate  sizes,  concrete 
strengths  and  slumps  not  given  in  the  tables. 

(6)  Descriptions  of  test  methods  have  been  enlarged  and  revised 

to  bring  them  into  line  with  recent  changes  in  A.S.T.M. 
Standards;  see  Appendix  1. 

(7)  A  brief  discussion  of  “Field  Tests  of  Concrete,”  has  been 

added  as  Appendix  2. 

No  changes  have  been  made  in  the  proportions  and  quantities  in 
the  tables. 


QUANTITIES  OF  MATERIALS  FOR  CONCRETE 

By  Duff  A.  Abrams  and  Stanton  Walker 

Introduction 

Concrete  is  a  suitable  mixture  of  cement,  water,  and  inert  materials 
called  aggregate,  which  when  allowed  to  set  and  harden  produces  a 
rock-like  mass.  The  selection  of  the  proportions  in  which  the  ingredi¬ 
ents  shall  be  used  constitutes  one  of  the  most  important  phases  of  the 
manufacture  of  concrete. 

In  the  past  it  has  been  customary  to  combine  fine  and  coarse  aggre¬ 
gates  in  more  or  less  arbitrary  ratios.  The  quality  of  the  concrete  was 
assumed  to  be  governed  solely  by  the  quantity  of  cement  used.  The 
method  of  specifying  different  quantities  of  cement  was  by  proportions 
of  cement,  fine  and  coarse  aggregates  such  as  1 :2  :4,  etc.  It  appears 
that  these  proportions  were  based  on  a  consideration  of  the  voids  in 
the  coarse  aggregate,  it  being  assumed  that  2  volumes  of  sand  would 
somewhat  more  than  fill  the  voids  in  4  volumes  of  coarse  aggregate. 
Little  or  no  attention  was  given  to  the  quantity  of  mixing  water,  size 
and  grading  of  the  aggregate,  curing  of  the  concrete,  and  other  factors 
which  are  now  known  to  be  of  utmost  importance.  The  effect  of  these 
variables  was  generally  obscured  by  lack  of  proper  testing  technique. 

During  the  past  15  years  considerable  attention  has  been  given  to 
the  testing  of  concrete.  As  a  result,  a  large  amount  of  information  on 
the  effect  of  these  factors  on  the  strength  of  concrete  is  now  available, 
which  enables  us  to  state  with  considerable  accuracy  the  combinations 
required  for  different  gradings  of  aggregate  for  concrete  of  a  specified 
strength. 

The  tables  of  proportions  and  quantities  forming  the  principal 
subject  matter  of  this  Bulletin  constitute  a  resume  of  a  large  num¬ 
ber  of  experimental  investigations  which  have  been  carried  out  at  the 
Structural  Materials  Research  Laboratory  through  the  cooperation  of 
the  Portland  Cement  Association  and  Lewis  Institute.  These  investi¬ 
gations,  made  during  the  past  10  years,  include  about  150,000  tests 
on  the  strength  and  yield  of  concrete  produced  under  standardized 
conditions  for  wide  variations  in  the  proportions  of  constituent  mate- 
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rials,  and  different  methods  of  manipulation,  curing  conditions,  etc. 
These  tests  fall  in  the  following  categories : 

1.  Standardization  of  test  methods, 

2.  Effect  of  grading  of  aggregates, 

3.  Effect  of  quantity  of  mixing  water, 

4.  Effect  of  quantity  of  cement, 

5.  Relative  merits  of  different  types  of  aggregates, 

6.  Comparison  of  concrete  and  mortar  tests, 

7.  Effect  of  curing  conditions, 

8.  Effect  of  age  of  concrete, 

9.  Effect  of  admixtures  in  concrete, 

10.  Studies  of  time  of  mixing, 

11.  Methods  of  measuring  plasticity  or  workability  of  concrete, 

12.  Comparisons  of  compressive  strength,  flexure,  wear,  yield 

and  absorption  of  concrete. 

Part  of  the  data  of  the  above  mentioned  tests  furnished  the  subject 
matter  of  our  Bulletin  1,  “Design  of  Concrete  Mixtures,”  published  in 
1918,  in  which  the  water- ratio  method  of  proportioning  concrete  was 
first  described. 

The  first  of  our  tables  of  proportions  and  quantities  was  published 
in  1920  under  the  title  “Table  of  Proportions  and  Quantities  for  Con¬ 
crete  for  Road  Construction.”1  The  above-mentioned  table  was 
intended  solely  for  use  in  concrete  road  construction,  hence  an  excess 
of  fine  aggregate  was  used  to  facilitate  hand  finishing.  Experience 
has  shown  that  with  more  recent  mechanical  methods  of  finishing  con¬ 
crete  roads,  it  is  not  necessary  to  “over-sand”  the  mix  to  the  extent 
that  was  formerly  practiced.  The  tables  in  this  Bulletin  are  based  on 
more  complete  data  than  were  available  when  the  first  table  was 
prepared. 

Tables  are  given  below  for  concrete  of  compressive  strengths  of 
2000,  2500,  3000,  3500,  and  4000  lb.  per  sq.  in.  at  28  days  using  fine 
and  coarse  aggregates  of  different  sizes  and  concrete  of  a  wide  range 
of  workability  as  measured  by  the  slump  test. 

The  same  tables  were  published  in  the  Report  of  the  Committee  on 
Masonry  of  the  American  Railway  Engineering  Association,2  in  the 
Report  of  the  Joint  Committee  on  Standard  Specifications  for  Concrete 
and  Reinforced  Concrete,3  and  elsewhere. 

1Concrete  Highway  Magazine,  May,  1920;  Eng.  News-Rec.,  May  13,  1920;  Proc.  Am 
Soc.  Testing  Mat.,  v.  20,  Part  I,  1920;  Canadian  Engineer,  June  17,  1920. 

2Bull.  242,  Am.  Railway  Eng.  Assn.,  December,  1921 .  ■ 

3 Proc.  Am.  Soc.  Testing  Mat.,  v.  24,  Part  T,  1924;  Proc.  Am.  Soc.  Civil  Eng.,  October, 
1924;  Proc.  Am.  Concrete  Tnst.,  1925. 
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Earlier  Tables  of  Quantities 

These  tables  differ  principally  from  the  tables  by  Thacher4  and 
Taylor  and  Thompson5  in  three  respects : 

a.  The  quantity  of  mixing  water  and  workability  of  the  con¬ 
crete  have  been  stated.  The  fundamental  importance  of  these 
factors  was  not  appreciated  at  the  time  the  earlier  tables  were 
published. 

b.  Quantities  are  based  on  volumes  of  aggregate  measured  dry 
and  rodded.  The  older  tables  apparently  were  based  on  volumes 
of  materials  measured  damp  and  loose  under  field  conditions.  A 
given  quantity  of  sand  measured  damp  and  loose  may  occupy  as 
much  as  30%  more  volume  than  the  same  quantity  measured  dry 
and  rodded. 

c.  Proportions  have  been  selected  which  will  produce  concrete 
of  definite  strengths;  the  older  tables  gave  quantities  of  materials 
for  certain  arbitrary  mixtures  (such  as  1:2:4)  presumably  based 
on  the  assumption  that  the  quantity  of  cement  alone  governed  the 
strength. 

Water-Ratio  Method  of  Proportioning  Concrete 

One  of  the  most  important  results  of  the  experimental  studies  of 
concrete  made  in  this  Laboratory  was  the  wateiuratio  method  of  pro¬ 
portioning  concrete.  This  method  is  based  on  the  dependence  of 
strength  upon  the  ratio  of  volume  of  mixing  water  to  volume  of  cement 
(water- ratio).  Our  tests  have  shown  that  for  given  conditions  of 
curing,  temperature,  etc.,  the  strength  of  concrete  is  fixed  by  the  water- 
ratio,  so  long  as  the  concrete  is  workable  and  the  aggregates  are  clean 
and  structurally  sound.  The  size  and  grading  of  the  aggregate,  the 
quantity  of  cement  and  the  consistency  of  the  concrete  affect  the 
strength  only  in  so  far  as  they  influence  the  quantity  of  mixing  water 
required  to  give  concrete  of  the  necessary  workability. 

The  significance  of  this  important  relation  is  more  readily  appre¬ 
ciated  when  the  cement  paste  is  thought  of  as  a  glue  binding  the  aggre¬ 
gates  together.  Too  much  mixing  water  dilutes  the  glue  and  hence 
reduces  its  strength. 

These  investigations  have  shown  that  the  inter-relation  of  strength 
and  proportions  of  materials  in  concrete  may  be  expressed  by  the  fol¬ 
lowing  principles : 

‘“Materials  of  Construction,”  by  J.  B.  Johnson  (5th  Edition  by  Withey  and  Aston,  1917). 
"‘'Concrete,  Plain  and  Reinforced,”  by  Taylor  and  Thompson  (1905,  3rd  Edition,  1916). 
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1.  Workability  or  plasticity  is  an  essential  requirement  of  con¬ 
crete  and  must  be  taken  into  account  in  designing  the  mixture.  The 
workability  of  concrete  for  a  given  method  of  manipulation  is  con¬ 
trolled  by : 

'a.  Quantity  of  mixing  water, 

b.  Quantity  of  cement, 

c.  Size  and  grading  of  aggregate, 

d.  Combinations  of  a,  b  and  c. 

Any  combination  of  the  constituent  materials  which  produces 
concrete  of  a  given  water-ratio  will  result  in  concrete  of  approx¬ 
imately  the  same  strength,  so  long  as  the  concrete  is  workable. 

2.  For  workable  mixtures,  the  strength  of  concrete  decreases 
as  the  water-ratio  increases.  The  addition  of  1  lb.  of  mixing  water 
to  a  1-sack  batch  reduces  the  strength  of  concrete  as  much  as  the 
omission  of  1  to  2  lb.  of  cement. 

3.  The  increase  in  strength  with  added  cement  is  reflected  by 
a  decrease  in  the  water-ratio.  Richer  mixtures  of  a  given  condition 
of  workability  can  be  produced  with  a  lower  water-ratio,  and  con¬ 
sequently  give  higher  strengths. 

4.  The  strength  of  concrete  increases  as  coarser  aggregates  are 
used,  so  long  as  the  mixture  is  workable.  Finer  aggregates  require 
more  water  for  a  given  workability  and  quantity  of  cement,  and 
therefore  give  lower  strengths  than  the  coarse  aggregates.  There 
is  an  intimate  relation  between  the  size  and  grading  of  the  aggre¬ 
gate  and  the  quantity  of  water  required  to  produce  concrete  of  a 
given  workability. 

5.  It  is  not  necessary,  or  desirable,  that  the  fine  and  coarse 
aggregates  conform  to  fixed  gradings;  rather  wide  variations  in 
gradings  may  occur  without  affecting  the  quantity  of  mixing  water 
or  the  quality  of  the  resulting  concrete.  Aggregates  separated  into 
any  sizes  may  be  so  combined  as  to  give  desired  results,  so  long  as 
the  grading  will  give  workable  concrete.  The  classification  of  mate¬ 
rial- smaller  than  the  No.  4  sieve  as  fine  aggregate,  and  larger  than 
this  size  as  coarse  aggregate,  is  purely  arbitrary.  Separation  into 
at  least  two  sizes  is  desirable  as  it  greatly  facilitates  maintaining 
uniformity  in  successive  batches ;  this  method  avoids  the  segregation 
which  may  occur  in  handling  mixed  aggregates. 

The  quantity  of  mixing  water  required  for  a  given  slump  or 
flow  will  vary  with  the  mix,  and  with  size,  type  and  grading  of 
aggregate.  The  same  quantity  of  mixing  water  per  sack  of  cement 
is  required  for  all  of  the  proportions  for  a  given  strength.  For 
example,  the  2000-lb.  per.  sq.  in.  concrete  requires  a  water-ratio 
of  about  0.9,  equivalent  to  6.7  U.  S.  gallons  (1  gal.  =  231  cu.  in.) 
of  water  per  sack  of  cement,  including  the  moisture  held  by  the 
aggregates.  (See  Fig.  1.) 

Basis  of  Tables 

The  tables  of  this  Bulletin  are  based  on  the  water-ratio  method  of 
proportioning  concrete.  They  consist  of  a  tabulation  of  interpolated 
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values  from  the  results  of  many  thousands  of  tests  covering  a  wide 
range  of  mixtures,  consistencies  and  sizes  and  gradings  of  aggregate, 
systematically  arranged  in  a  manner  convenient  for  use.  In  many 
cases  the  data  have  been  extended  to  include  values  slightly  outside  the 
actual  range  covered  by  the  tests,  an  extension  which  seems  warranted 
by  the  agreement  of  the  tests. 

Proportions  of  fine  and  coarse  aggregates  have  been  selected  which 
may  be  expected  to  give  the  highest  strength  consistent  with  proper 
workability  for  the  quantity  of  cement  used ;  in  other  words,  the  mixes 
generally  contain  the  largest  practicable  amount  of  coarse  aggregate. 
It  may  be  expected  that  with  some  aggregates,  the  mixes  in  the  tables 
will  be  somewhat  too  harsh  for  certain  purposes. 

The  tests  covered  a  wide  range  in  grading  of  aggregates;  the  grad¬ 
ing  was  fairly  regular  between  limiting  sizes.  The  tables,  therefore, 
will  give  best  results  when  similar  gradings  are  used. 

These  tables  are  based  on  compression  tests  at  28  days  of  6  by  12-in. 
concrete  cylinders  made  and  tested  in  accordance  with  “Tentative 
Method  of  Making  Compression  Tests  of  Concrete”  of  the  American 
Society  for  Testing  Materials.  The  proportions  given  cannot  be 
expected  to  produce  concrete  of  the  strengths  indicated  unless  the  tests 
are  carried  out  under  similar  conditions. 

The  workability  of  the  various  mixtures  in  the  tests  was  compared 
by  means  of  the  “slump.”  Although  not  an  absolute  measure  of  work¬ 
ability,  the  slump  is  a  convenient  means  of  maintaining  uniformity  or 
of  comparing  the  effect  on  workability  of  variations  in  proportions. 
The  different  consistencies  in  the  tables  are  classified  on  this  basis. 
The  principal  value  of  the  slump  test  is  in  avoiding  the  habitual  use  of 
such  an  excess  of  mixing  water  as  will  materially  lower  the  quality  of 
the  concrete.  The  specifications  should  indicate  the  workability  of 
concrete  desired  for  different  types  of  construction.  For  the  usual 
reinforced  concrete  work,  the  aim  should  be  to  use  a  slump  of  6  to  7 
in.  or  less;  in  mass  work  a  slump  of  1  to  4  in.  may  be  used;  for 
machine-finished  concrete  roads,  a  slump  as  low  as  1  in.  may  be  used. 

The  water-ratio-strength  relation  shown  in  Fig.  1  represents  the 
lower  range  of  28-day  strengths  from  9  different  series  of  tests.  The 
proportions  and  quantities  in  the  tables  are  designed  to  produce  the 
designated  slumps  when  the  quantity  of  water  required  by  Fig.  1  for 
the  strengths  given  at  the  heads  of  the  tables  is  used.  The  quantity  of 
mixing  water  in  gallons  per  sack  of  cement  is  indicated  in  each  table. 

The  design  and  construction  of  reinforced  concrete  structures  is 
generally  based  on  the  28-day  strength  of  concrete.  For  portland- 
cement  concrete  cured  in  a  moist  place  at  normal  temperatures,  the 
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compressive  strengths  at  other  ages  compared  to  the  strengths  at  28 
days  are  about  as  follows : 


7  days 
28  days 
3  months 
1  year 


50  per  cent 
100  per  cent 
130  per  cent 
165  per  cent 


Tests  made  in  this  Laboratory  and  in  others  have  shown  that  the  28- 
day  compressive  strength  of  concrete  is  a  fairly  accurate  criterion  of 
other  desirable  properties. 

The  factors  which  produce  high  compressive  strength  also  produce 
high  flexural  strength  and  high  resistance  to  wear.  Impermeability 
and  resistance  to  destructive  agencies  such  as  weather,  sea  and  sulphate 
waters,  etc.,  are  increased  by  these  same  factors  (increased  cement 
content,  improved  gradings  and  lower  water-ratio)  where  the  work¬ 
ability  of  the  concrete  permits  puddling  readily  into  the  forms. 

The  cement  used  in  the  tests  forming  the  basis  of  the  tables  was  a 
mixture  of  four  brands  meeting  the  requirements  of  “Standard  Speci¬ 
fications  and  Tests  for  Portland  Cement”  of  the  A.S.T.M. 

The  tables  apply  only  to  aggregates  which  are  clean,  structurally 
sound  and  free  from  injurious  amounts  of  shale,  alkali,  organic  matter, 
silt  and  other  deleterious  substances. 

-  The  quantities  of  materials  per  cubic  yard  of  concrete  were  deter¬ 
mined  from  the  “yield”  of  concrete  puddled  into  6  by  12-in.  cylinders. 
The  volume6  of  aggregates  are  based  on  dry  and  rodded  measurements 
as  used  in  the  tests.  The  tables  contain  no  allowance  for  waste  nor 
bulking  due  to  moisture  and  method  of  measuring  on  the  work.  It  is 
impracticable  and  undesirable  to  base  such  tables  on  field  proportions 
since  wide  differences  occur  in  moisture  content  and  in  methods  of 
handling  on  the  job. 

In  the  tests  the  concrete  was  mixed  by  hand  in  batches  of  about 
1/5  cubic  foot.  The  method  of  mixing  was  equivalent  to  about  1 
minute  of  machine  mixing.  Most  specifications  require  a  minimum  of 
1  minute  machine  mixing. 


Purpose  of  Tables 

These  tables  are  intended  for  use  in  all  types  of  work  to  which 
plastic  concrete7  is  applicable.  It  is  not  intended  that  they  shall  be  a 


6The  quantities  in  the  tables  which  are  expressed  in  terms  of  volume,  may  be  changed 

to  weights  by  multiplying  by  the  dry  and  rodded  unit  weights  of  the  materials. 

The  proportions  by  volume  may  be  changed  to  proportions  by  weight  by  multiplying 

by  the  dry  and  rodded  weight  per  cubic  foot  of  the  aggregate  and  dividing  by  94.  If  the 

weight  of  the  sand  were  IIS  and  of  the  coarse  aggregate  110  lb.  per  cu.  ft.,  a  1-2. 3-4.1  mix 
by  volume  would  be  1-2. 8-4. 8  by  weight. 

7They  are  not  directly  applicable  to  concrete  for  the  semi-dry  mixtures  used  in  machine- 
made  products  such  as  block,  tile,  etc.;  the  driest  consistencies  given  in  the  tables  would  be 
too  wet,  and  the  aggregate  sizes  generally  would  be  too  large.  However,  the  fundamental 
relations  (between  quantity  of  mixing  water,  quantity  of  cement,  and  size  and  grading  of 
aggregate)  apply  to  the  “semi-dry”  mixtures  in  essentially  the  same  way  as  to  plastic  mixtures. 
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universal  guide  for  the  proportioning  of  concrete  nor  is  it  claimed  that 
the  proportions  will  be  most  satisfactory  under  all  conditions.  It  is 
recommended  that,  wherever  time  and  facilities  permit  and  the  impor¬ 
tance  of  the  work  warrants,  the  selection  of  proportions  be  based  on 
tests  of  concrete  made  from  the  aggregate  to  be  used.  For  such  tests, 
these  tables  will  prove  a  useful  guide  in  the  selection  of  preliminary 
mixtures  for  trial  or  in  eliminating  extreme  combinations. 

The  tables  can  be  used  as  a  basis  of  proportions  for  average  condi¬ 
tions  where  tests  cannot  be  made  in  advance  of  or  during  the  work. 
They  will  also  be  useful  in  adjusting  proportions  to  compensate  for 
variations  in  the  size  or  grading  of  aggregates  or  in  the  workability  of 
concrete  where  it  would  be  impracticable  to  await  the  results  of  tests. 

The  tables  will  be  found  useful  for  comparing  material  costs  for 
preliminary  estimates,  where  several  materials  are  available  and  where 
the  workability  and  strength  requirements  of  the  concrete  are  known. 
They  illustrate  the  fact  that  aggregates  of  many  different  sizes  and 
grading  may  be  combined  with  equally  good  results  in  concrete  and 
show  that  it  is  not  necessary  to  restrict  aggregate  sizes  or  gradings  to 
those  usually  mentioned  in  specifications. 

Conversion  of  Proportions  and  Quantities  to  Field 
Measurements 

The  quantities  of  aggregates  in  the  tables  are  in  terms  of  volumes 
measured  dry  and  rodded;  for  use  on  the  job  quantities  must  be  con¬ 
verted  to  terms  of  field  measurements.  For  example,  determine  pro¬ 
portions  for  3000-lb.  per  sq.  in.  concrete,  slump  3  to  4  in.,  fine 
aggregate  graded  0  to  No.  4,  coarse  aggregate,  No.  4  to  1  >4  in.  The 
table  (page  14)  shows  that  the  proportions  are  1 :1.4:2.9.  Assume  the 
bulking  of  the  aggregates  due  to  moisture  and  method  of  measurement 
(see  Appendix  1),  to  be: 

Fine  aggregate — 23% 

Coarse  “  —  6% 

To  express  the  above  proportions  in  terms  of  damp  and  loose 
volumes  measured  under  field  conditions,  the  volume  of  sand  must  be 
increased  23%  and  the  coarse  aggregate  6%;  the  field  proportions 

wl11  be:  1 :( 1.4X1 -23) : (2. 9 X  1.06)  or  1:17:3.1 

The  volumes  in  the  table  of  quantities  must  be  increased  by  the 
same  amounts;  in  terms  of  damp  and  loose  measurements  the  quan¬ 
tities  of  aggregate  will  then  be : 

Fine  —  .35XF23=.43 
Coarse  —  .72 X 1.0$=,76 


(Text  Continued  on  Page  20) 
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S.  <STc7//ons  of  <S&cX'*,of  CesT7qr?f 


Fig.  1.  Effect  of  Quantity  of  Mixing  Water  on  the  Compressive 
Strength  of  Concrete 


S  =  compressive  strength  of  concrete  tested  under  standard  conditions  at 
28  days;  x  (an  exponent)  =  the  water-ratio  of  the  concrete,  that  is,  ratio  of 
volume  of  mixing  water  to  volume  of  cement. 

The  above  curve  represents  the  most  fundamental  property  of  concrete, 
namely  the  dependence  of  concrete  strength  on  quantity  of  mixing  water.  The 

.  ,  ,  ,  c  14000  _  .  , 

curve  may  be  represented  by  the  equation  S  —  — .  It  gives  strengths  about 


500  lb-  per  sq.  in.  lower  than  those  given  by  the  curve  in  Fig.  1,  Bulletin  1. 

The  curve  in  Bulletin  1  is  represented  by  the  equation  S  =  and  gives  the 

average  range  of  concrete  strengths  while  the  former  represents  the  lower  range 
of  concrete  strengths  based  on  9  different  series  of  tests. 
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LIMITATIONS  OF  TABLES  AND  PRECAUTIONS  TO  BE 
OBSERVED  IN  THEIR  USE 

1.  The  quantities  of  mixing  water  and  cement  are  the  most 
important  factors  in  concrete  and  they  should  be  accurately  con¬ 
trolled. 

2.  The  concrete  must  be  plastic  or  workable.  Too  great  reli¬ 
ance  should  not  be  placed  on  the  slump  test  alone.  If  the  concrete 
does  not  work  into  place  or  finish  properly,  the  proportions  of  fine 
to  coarse  may  be  adjusted  as  required,  so  long  as  the  quantity  of 
water  is  maintained  at  the  value  given  at  the  head  of  the  table. 
Note  that  this  quantity  includes  water  contained  in  the  aggregate. 
Absorption  of  aggregate  can  generally  be  neglected. 

3.  Where  it  is  not  practicable  to  exercise  control  over  the 
consistency  of  the  concrete,  the  proportions  and  quantities  in 
BOLD  FACE  type,  for  a  slump  of  6  to  7  in.,  should  be  used. 

4.  Only  portland  cement  meeting  the  requirements  of  the 
standard  specifications  should  be  used. 

5.  Aggregates  should  be  clean,  structurally  sound,  and  graded 
between  the  sizes  shown.  The  maximum  and  minimum  sizes  of 
the  aggregate  should  be  determined  from  sieve  analyses.  (See 
Appendix  1.) 

6.  Proportions  and  quantities  in  the  tables  are  based  on  dry 
and  rodded  measurements.  In  proportioning  on  the  job,  proper 
allowance  must  be  made  for  bulking  of  aggregates  due  to  moisture 
content  and  loose  measurement.  (For  methods  of  determining 
moisture  and  bulking,  see  Appendix  1.) 

7.  Strengths  indicated  in  the  tables  are  based  on  28-day  com¬ 
pression  tests  of  6  by  12-in.  concrete  cylinders  puddled  in  the  forms, 
cured  in  a  damp  place  at  normal  temperatures  and  tested  in  a  damp 
condition.  In  comparing  the  strengths  of  specimens  made  on  the 
work,  it  is  important  that  the  tests  be  made  in  accordance  with 
these  standard  methods. 

8.  Temperatures  below  normal  will  produce  lower  concrete 
strengths,  especially  at  early  ages,  and  allowances  must  be  made 
accordingly. 

9.  Concrete  should  be  mixed  at  least  1  minute  in  a  batch  mixer 
of  standard  make. 

10.  For  concrete  strengths,  aggregate  sizes,  and  slumps  not 
covered  by  the  tables,  proportions  and  quantities  may  be  deter¬ 
mined  by  interpolation.  (See  page  20.) 
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Proportions  for  2000  lb.  per  sq.  in.  Concrete 

Based  on  28-day  compressive  strength  of  6  by  12-in.  cylinders. 

Mixing  water,  including  moisture  in  aggregate,  6.7  gal.  per  sack  of  Portland  cement. 
Proportions  expressed  in  terms  of  dry  and  rodded  volumes  of  aggregate. 

Thus  1-1. 7-3. 4  indicates  1  volume  of  cement,  1.7  volumes  of  fine  aggregate  and  3.4  of 

coarse  aggregate. 


No  allowance  made  for  bulking  of  aggregates  due  to  moisture  or  loose  measurement. 

For  precautions  to  be  observed  in  using  tables  see  page  9. 


Size  of  Coarse 
Aggregate 


None. 


No.  4 


No.  4 


No.  4  to  1 14  >n 


No. 


%  to  I  in. .  .  . 
V?  to  134  in- 
%  to  2  in. .  . . 

Ya  to  1^  in.. 
%  to  2  in. . .  . 


Proportions  Using  Fine  Aggregate  of  Different  Sizes 


Slump, 


to  %  in...| 
to  I  in..  ^ 


{ 


4  to  2  in. . .  ^ 


{ 


%  to  3  in .  ^ 


in. 

0-No.  30 

0-No.  16 

0-No.  8 

0-No.  4 

%  to 

1 

1:2.2 

1:2.6 

1:3.0 

1:3.5 

3  " 

4 

1:1.9 

1:2.2 

1:2.6 

1:3.0 

6  “ 

7 

1:1.5 

1:1.7 

1:2.0 

1:2.3 

8  “  10 

1:1.0 

1:1.1 

1:1.3 

1:1.6 

%  to 

1 

1:2. 1:3. 8 

1:2. 3:3. 7 

1:2. 6:3. 5 

1:3. 0:3.1 

3  “ 

4 

1:1. 7:3. 3 

1:1. 9:3. 2 

1:2. 2:3.1 

1:2. 6:2. 8 

6  “ 

7 

1:1.3 :2.7 

1:1.4:2.6 

1:1. 7:2.5 

1:1.9 :2.3 

8  “  10 

1:0. 8:1. 9 

1:0. 9:1. 9 

1:1. 0:1. 8 

1:1. 2:1. 7 

M>  to 

1 

1:1. 9:4. 5 

1:2. 2:4. 3 

1:2. 5:4. 2 

1:2. 8:3. 9 

3  “ 

4 

1:1. 6:3. 9 

1:1. 8:3. 8 

1:2. 1:3. 7 

1:2. 4:3. 5 

6  “ 

7 

1:1. 2:3.1 

1:1. 3:3.1 

1:1. 5:3.0 

1:1.8 :2.9 

8  “.10 

1:0. 7:2. 2 

1:0. 8:2. 2 

1:1. 0:2. 3 

1:1. 1:2.1 

%  to 

1 

1:1. 9:5.0 

1:2. 1:4. 9 

1:2. 4:4. 9 

1:2. 7:4. 6 

3  “ 

4 

1:1. 6:4. 4 

1:1. 7:4. 3 

1:2. 0:4. 2 

1:2. 4:4.0 

6  “ 

7 

1:1. 1:3. 5 

1:1. 3:3.5 

1:1. 4:3. 5 

1:1. 7:3. 4 

8  “ 

10 

1:0. 7:2. 5 

1:0. 8:2. 5 

1:0. 9:2. 5 

1:1. 0:2. 4 

Vi  to 

1 

1:1. 7:5. 8 

1:1. 9:5. 7 

1:2. 1:5. 8 

1:2. 4:5.6 

3  “ 

4 

1:1. 4:5.0 

1:1. 5:5.0 

1:1. 8:5.0 

1:2. 0:4. 9 

6  “ 

7 

1:1.0:4.1 

1:1. 1:4.1 

1:1.2 :4.1 

1:1.4 :4.1 

8  " 

10 

1:0. 6:2. 9 

1:0. 7:2. 9 

1:0. 7:3.0 

1:0. 8:2. 9 

Vs  to 

1 

1:2. 2:4. 4 

1:2. 5:4. 2 

1:2. 8:4.1 

1:3. 3:3. 8 

3  “ 

4 

1:1. 9:3.8 

1:2. 1:3. 7 

1:2. 4:3. 6 

1:2. 8:3. 4 

6  “ 

7 

1:1.4:3.1 

1:1. 5:3.0 

1:1. 8:3.0 

1:2.1 :2.8 

8  “ 

10 

1:0. 9:2. 2 

1:1. 0:2. 2 

1:1. 1:2. 2 

1:1. 3:2.0 

Vs  to 

1 

1 :2.2 :4.9 

1:2. 5:4. 8 

1:2. 8:4.7 

1:3. 2:4. 6 

3  “ 

4 

1:1. 9:4. 3 

1:2. 1:4. 2 

1:2. 4:4.1 

1:2. 7:4.0 

6  " 

7 

1:1. 4:3. 5 

1:1.5 :3.4 

1:1. 7:3. 4 

1:2. 0:3.3 

8  “ 

10 

1:0. 9:2. 5 

1:1. 0:2. 5 

1:1. 1:2. 4 

1:1. 3:2. 4 

Vs  to 

1 

1:2. 1:5. 6 

1:2. 3:5. 5 

1:2. 6:5. 5 

1:3. 0:5. 4 

3  “ 

4 

1:1. 7:4. 8 

1:2. 0:4. 8 

1:2. 2:4. 8 

1:2. 5:4. 7 

6  “ 

7 

1:1.3 :4.0 

1:1.4:3.9 

1:1.6:3.9 

1:1.8 :3.9 

8  “ 

10 

1 :0.8 :2.9 

1:0. 9:2. 9 

1:1. 0:2. 9 

1:1. 2:2. 9 

Vs  to 

1 

1:2. 6:4. 5 

1:2. 9:4. 5 

1:3. 3:4. 4 

1:3. 8:4. 2 

3  “ 

4 

1:2. 2:3. 9 

1:2. 5:3. 9 

1:2. 8:3. 8 

1:3. 2:3. 6 

6  “ 

7 

1:1.6:3.2 

1:1. 8:3.2 

1:2. 1:3.1 

1:2. 4:3.0 

8  “ 

10 

1:1. 0:2. 3 

1:1. 2:2. 3 

1:1. 4:2. 2 

1:1. 6:2.2 

Vs  to 

1 

1:2. 5:5. 2 

1:2. 8:5. 2 

1:3. 2:5.1 

1:3. 6:5.0 

3  “ 

4 

1:2. 1:4. 5 

1:2. 4:4. 5 

1:2. 7:4. 4 

1:3. 1:4. 3 

6  “ 

7 

1:1. 6:3. 7 

1:1. 8:3. 7 

1:2.0:3.7 

1:2. 3:3. 6 

8  " 

10 

1:1. 0:2. 6 

1:1. 1:2. 7 

1:1. 3:2. 6 

1:1. 5:2. 7 

Vs  to 

1 

1:2. 5:6.0 

1:2. 9:5. 9 

1:3. 2:5. 9 

1:3. 6:5. 8 

3  “ 

4 

1:2. 1:5.1 

1:2. 4:5. 2 

1:2. 7:5. 2 

1:3. 1:5.1 

6  “ 

7 

1:1.5 :4.1 

1:1.7 :4.2 

1:2.0:4.2 

1:2. 3:4. 2 

8  “ 

10 

1:1. 0:2. 9 

1:1. 1:3.0 

1:1. 3:3.0 

1:1. 5:3.0 

0-%  in. 


1:4.1 

1:3.5 

1:2.7 

1:1.8 


1:3. 6:2.8 
1:3. 0:2. 4 
1:2.3 :2.1 
1:1. 6:1. 6 


1:3. 4:3. 6 
1:2. 8:3. 2 
1:2.1 :2.7 
1:1. 3:2.0 


1:3. 2:4.4 
1:2. 7:3. 8 
1:2.0:3.2 
1:1. 2:2. 8 


1:2. 8:5. 6 
1:2. 3:4. 7 

1:1. 7:3.9 

1:1. 0:2. 8 


1:3. 8:3. 4 
1:3. 2:3.1 
1:2.4:2.5 
1:1. 5:1. 9 


1 :3.7:4.2 
1:3. 1:3. 7 
1:2. 3:3.1 

1:1. 5:2. 3 


1:3. 5:5.1 
1:2. 9:4. 4 

1:2. 1:3.8 
1:1. 3:2. 


1:4. 3:3. 
1:3. 6:3. 
1:2. 7:2.8- 
1:1. 8:2.1 


1:4. 1:4. 7 
1:3. 5:4. 
1:2.6:3.S 

1:1. 7:2. < 


1:4. 1:5. 
1:3. 5:4.1 

1:2.5 :4.0 
1:1. 7:3.0 


Quantities  ok  Materials  for  Concrete 
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Quantities  of  Materials  for  1  cu.yd.  of  2000  lb.  per  sq.  in.  Concrete 

The  volume  of  cement  is  expressed  in  barrels  and  of  aggregates  in  cubic  yards. 

F  =  fine  aggregate;  C  =*=  coarse  aggregate. 

Quantities  are  net,  no  allowance  being  made  for  bulking  or  waste. 

For  precautions  to  be  observed  in  using  tables  see  page  9. 


Size  of 
Coarse 
Aggregate 


None . 


No.  4  to  %  in. . 


No.  4  to  1  in. . . 


No.  4  to  1 34  'n' 


No.  4  to  2  in.. 


Slump, 


%  to  1  in. .  .  . 

%  to  134 

%  to  2  in. .  .  . 

%  to  134  «n.. 

%  to  2  in. .  . 

%  to  3  in. .  . 


Quantities  of  Materials  Usin&Fine  Aggregate  of  Different  Sizes 


Aggre- 
Ce-  gate 
ment  F.  C. 


Aggre- 
Ce-  gate 
ment  F.  C. 


Aggre- 
Ce-  gate 
ment  F.  C. 


Aggre- 
Ce-  gate 
ment  F.  C. 


0-«  in. 


Aggre- 
Ce-  gate 
ment  F.  0. 


Vz  to  1 
3  “  4 
(i  "  7 
8  "  10 

Vz  to  1 
3  “  4 

6  “  7 

8  “  10 

%  to  1 
3  “  4 
6  "  7 
8  “  10 

Vz  to  1 
3  “  4 

6  “  7 
8  “  10 

Vs  to  1 
3  “  4 

6  “  7 

8  “  10 

Vz  to  1 
3  “  4 
6  “  7 
8  “  10 

Vz  to  1 
3  “  4 
6  ■'  7 
8  "  10 

Vz  to  1 
3  “  4 

6"7 
8  ”  10 

Vz  to  1 
3  “  4 
6  “  7 

8  “  10 

Vz  to  1 
3  “  4 
6  “  7 
8  "  10 

%  to  1 
3  “  4 

6  “  7 

8  “  10 


2.31  .75 
2.55  .72 
2.94  .65 
3.60  .53 


2.12  .82 
2.39  .78 
2.83  .71 
3.54  .58 


1.27  .40  .71  1.24  .42  .68 

1.43  .36  .70  1.40  .39  .66 

1.71  .33  .68  1.70  .35  .66 

2.25  .27  .63  2.23  .30  .63 

1.19  .33  .79  1.17  .38  .74 

1.36  .32  .78  1.32  .35  .74 

1.65  .29  .76  1.62  .31  .74 

2.15  .22  .70  2.13  .25  .69 

1.10  .31  .81  1.09  .34  .79 

1.26  .30  .82  !  1.25  .31  .79 

1.54  .25  .80  1.52  .29  .79 
2.04  .21  .75  2.00  .24  .74 

1  04  .26  .89  1.05  .29  .88 

1.20  .25  .89  1.19  .26  .88 

1.47  .22  .89  1.45  .24  .88 

1.92  .17  .82  1.89  .20  .81 

1.17  .38  .76  1.16  .43  .72 

1.34  .38  .75  1.33  .41  .73 

1.67  .35  .77  1.63  .36  .72 

2.16  .29  .70  2.12  .31  .69 


1.10  .36  .80  1.07 

1.25  .35  .79  1.24 

1.54  .32  .80  1.52 
2.05  .27  .76  2.00 


1.05  .33  .85 
1.19  .30  .85 


1.07  .41  .71 
1.23  .40  .71 
1.51  .36  .72 
2.01  .30  .69 


1.03 

1.18 


.40  .76 
.39  .77 
.34  .77 
.29  .74 


.35  .84 


1.06  .45  .71 
1.23  .45  .71 
1.49  .40  .71 
1.97  .35  .67 


1.02  .38  .79  1.02  .42  .78 


.96  .36  .85  .95  .41  .83 


L.92 

85 

1.65 

85 

| 

1.42 

86 

2.12 

82 

1.85 

82 

1.71 

.89 

2.52 

75 

2.24 

.76 

2.06 

.83 

3.25 

62 

2.80 

66 

2.62 

.70 

1.19 

46 

62 

1.17 

52 

54 

1.17 

.62 

.48 

1.36 

44 

62 

1.34 

.51 

.56 

1.32 

.59 

.47 

1.66 

42 

61 

1.60 

.45 

.54 

1.59 

.54 

.50 

2.20 

33 

59 

2.13 

.38 

.54 

2.10 

.47 

.50 

1.13 

42 

70 

1.10 

.46 

.64 

1.09 

.55 

.58 

1.26 

.39 

.69 

1.24 

.44 

.64 

1.24 

.51 

.59 

1.56 

.35 

.69 

1.52 

.40 

.65 

1.51 

.47 

.60 

2.07 

.31 

.70 

2.01 

.33 

.63 

1.98 

.38 

.59 

1.07 

.38 

78 

1.05 

.42 

.71 

1.04 

.49 

.68 

1.20 

.35 

.74 

1.17 

.42 

.69 

1.16 

.46 

.65 

1.47 

.30 

.76 

1.44 

.36 

.72 

1.43 

.42 

.68 

1.94 

.26 

.72 

1.88 

.28 

.67 

1.88 

.33 

.64 

1.04 

.32 

.89 

1.00 

.35 

.83 

.98 

.41 

.80 

1.16 

.31 

.86 

1.11 

.33 

.80 

1.12 

.38 

.78 

1.38 

.25 

.84 

1.35 

.28 

.82 

1.36 

.34 

.79 

1.85 

.19 

.82 

1.81 

.21 

.78 

1.80 

.27 

.77 

1.12 

.46 

.68 

1.10 

.54 

.62 

1.10 

.62 

.55 

1.29 

.46 

.69 

1.23 

.51 

.62 

1.23 

.58 

.56 

1.57 

.42 

.70 

1.51 

.47 

.63 

1.53 

.54 

.57 

2.06 

.34 

.67 

2.01 

.39 

.60 

1.93 

.43 

.54 

1.05 

.43 

.73 

1.02 

.48 

.69 

1.03 

.56 

.64 

1.21 

.43 

.73 

1.16 

.46 

.69 

1.15 

.53 

.63 

1.47 

.37 

.74 

1.42 

.42 

.69 

1.41 

.48 

.65 

1.93 

.31 

.70 

1.89 

.36 

.67 

1.83 

.41 

.62 

1.01 

.29 

.82 

.98 

.43 

.78 

.97 

.50 

.73 

1.14 

.37 

.81 

1.10 

.41 

.76 

1.09 

.47 

.71 

1.40 

.33 

.81 

1.33 

.35 

.77 

1.31 

.41 

.74 

1.83 

.27 

.79 

1.80 

.32 

.77 

1.74 

.34 

.72 

1.02 

.50 

.66 

.98 

.55 

.61 

.98 

.62 

.57 

1.19 

.49 

.67 

1.12 

.53 

.60 

1.10 

.59 

.54 

1.45 

.45 

.67 

1.36 

.48 

.60 

S  1.36 

.54 

.56 

1.91 

.40 

.62 

1.81 

.43 

.59 

1.79 

.48 

.56 

.99 

.47 

.75 

.94 

.50 

.70 

.93 

.56 

.65 

1.11 

.44 

.72 

1.05 

.48 

.67 

1.04 

.54 

.61 

1.37 

.41 

.75 

1.31 

.45 

.70 

1.26 

.48 

.65 

1.82 

.35 

.70 

1.74 

.39 

.69 

1.70 

.43 

.65 

.92 

.44 

.80 

.88 

.47 

.75 

.86 

.52 

.71 

1.05 

.42 

*.81 

1.00 

.46 

.76 

.98 

.51 

.71 

1.28 

.38 

.80 

1.23 

.42 

.77 

1.20 

.44 

.71 

1.72 

.33 

.76 

1.65 

.37 

.73 

1.60 

.40 

.71 
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Proportions  for  2500  lb.  per  sq.  in.  Concrete 


Based  on  28-day  compressive  strength  of  6  by  12-in.  cylinders. 

Mixing  water,  Including  moisture  in  aggregate,  5.9  gal.  per  sack  of  Portland  cetnent. 

Proportions  expressed  in  terms  of  dry  and  rodded  volumes  of  aggregate. 

Thus,  1-1. 3-2. 8  indicates  1  volume  of  cement,  1.3  volumes  of  fine  aggregate  and  2  8  of 
coarse  aggregate. 

No  allowance  made  for  bulking  of  aggregates  due  to  moisture  or  loose  measurement. 


For  precautions  to  be  observed  in  using  tables  see  page  9. 


Size  of  Coarse 
Aggregate 

None . 

No.  4  to  Li  in. . 

No.  4  to  I  in. .  . 

No.  4  to  i  in. 

No.  4  to  2  in. .  . 

to  1  in . 

to  1  ;W>  in. .  .  . 

to  2  in . 

%  to  I  4>  in. .  .  . 
%  to  2  in . 

%  to  3  in . 


Slump, 


{ 

{ 


In. 


y2 

to  1 

3 

“  4 

0 

“  7 

8 

"  10 

%  to  1 

3 

“  4 

6 

"  7 

8 

“  10 

Vi 

to  1 

3 

•'  4 

0 

"  7 

8 

“  10 

to  1 

3 

“  4 

6 

“  7 

8 

“  10 

% 

to  1 

3 

“  4 

6 

“  7 

8 

“  10 

% 

to  1 

3 

“  4 

C 

“  7 

8 

"  10 

% 

to  1 

3 

“  4 

0 

•'  7 

8 

"  10 

% 

to  1 

3 

"  4 

6 

"  7 

8 

"  10 

14 

to  1 

3 

“  4 

0 

“  7 

8 

**  10 

14 

to  1 

3 

"  4 

6 

“  7 

8 

"  10 

14 

to  1 

3 

“  4 

0 

“  7 

8 

“  10 

Proportions  Using  Fine  Aggregate  of  Different  Sizes 


0-No.  30 

0-No.  16 

0-No.  8 

0-No.  4 

0-%  in. 

1:1.8 

1:2.1 

1:2.4 

1:2.9 

1:3.3 

1:1.5 

1:1.8 

1:2.1 

1:2.4 

1*2  8 

1:1.1 

1:1.3 

1:1.0 

1:1.8 

1:2.1 

1:0.7 

1:0.8 

1:0.9 

1:1.1 

1:1.3 

1:1. 6:3. 2 

1:1. 8:3.1 

1:2. 1:3.0 

1:2. 4:2.7  " 

1 : 2. 9 :2.4 

1:1. 3:2. 8 

1:1. 5:2.7 

1:1. 7:2. 6 

1:2. 0:2. 4 

1:2. 4:2  2 

1:1.0 :2.2 

1:1. 1:2.2 

1:1.3 :2.1 

1:1.5 :2.0 

1:1.8:1.8 

1:0. 5:1. 4 

1:0. 6:1. 4 

1:0. 7:1. 4 

1:0. 8:1. 4 

1:1. 0:1. 3 

1:1. 5:3. 7 

1:1. 7:3. 7 

1:2. 0:3. 5 

1:2. 2:3. 4 

1:2. 7:3.1 

1 :1..2 :3.3 

1:1. 4:3. 2 

1:1. 6:3.1 

1:1. 9:3.0 

1:2. 2:2.7 

1:0.9 :2. 6 

1 :1.0:2.5 

1:1. 1:2. 5 

1:1.3 :2.4 

1:1. 6. 2.3 

1 :0.5  :1.7 

1:0. 6:1. 7 

1:0. 6:1. 7 

1:0. 7:1. 6 

1:0. 9:1. 5 

1:1. 4:4. 2 

1:1. 6:4.1 

1:1. 9:4.1 

1:2. 2:4.0 

1:2. 5:3. 8 

1:1. 2:3. 7 

1:1. 3:3.6 

1 :1.5 :3.6 

1:1. 8:3. 5 

1:2.1  -3  S 

1:0. 9:2. 9 

1:0.9 :2.8 

1:1. 1:2.8 

1:1.3 :2.8 

1:1. 5:2. 6 

1:0. 5:1. 9 

1:0. 5:1. 9 

1:0. 6:1. 9 

1:0. 7:1. 8 

1:0. 8:1. 8 

1:1. 3:4. 9 

1:1. 4:4.  S 

1:1. 6:4. 9 

1:1. 9:4. 8 

1:2. 2:4.7 

1:1. 1:4. 3 

1:1. 2:4. 2 

1:1. 3:4. 3 

1:1. 6:4. 2 

1:1. 8-4  1 

1:0. 7:3. 3 

1:0. 8:3. 3 

1:0.9 :3.4 

1:1. 1:3.3 

1:1.2 :3.3 

1:0. 4:2.2 

1:0. 4:2. 2 

1:0. 5:2. 2 

1:0. 6:2. 2 

1:0. 6:2. 2 

1:1. 8:3. 7 

1 :2_0 :3.6 

1:2. 3:3. 5 

1:2. 6:3. 3 

1:3. 0:2. 9 

1:1. 4:3. 2 

1:1. 6:3.1 

1:1. 9:2. 9 

1:2. 2:2. 9 

1:2. 5:2  6 

1:1. 0:2. 5 

1:1.2 :2.5 

1:1. 3:2.4 

1:1. 6:2. 3 

1:1. 8:2. 2 

1:0. 6:1. 6 

1:0. 7:1. 6 

1:0. 8:1. 6 

1:0. 9:1. 6 

1:1. 0:1. 5 

1:1. 7:4.1 

1:1. 9:4.1 

1:2. 2:4.0 

1:2. 5:3. 9 

1:2. 9:3. 6 

1:1. 5:3. 6 

1:1. 6:3. 6 

1:1. 8:3. 5 

1:2. 1:3. 4 

1 :2.3 :3  2 

1:1. 0:2. 9 

1:1. 2:2. 8 

1:1. 3:2. 8 

1:1.5 :2.7 

1:1.8: 2.6 

1:0. 6:1. 9 

1:0. 6:1. 9 

1 : 0. 8 : 1. 8 

1:0. 9:1. 8 

1:1. 0:1. 8 

1:1. 7:4. 7 

1:1. 8:4. 7 

1:2. 1:4. 7 

1:2. 4:4. 6 

1:2. 7:4. 4 

1:1. 4:4.1 

1:1. 5:4.1 

1:1. 7:4.1 

1:2. 0:4.0 

1:2. 3:3  9 

1:1. 0:3.2 

1:1. 1:3.2 

1:1.2 :3.2 

1:1.4 :3.2 

1:1. 6:3.1 

1 : 0.5 :2.1 

1:0. 6:2.1 

1:0. 7:2. 2 

1:0. 8:2. 2 

1:0. 9:2.1 

1:2. 0:3. 8 

1:2. 3:3. 8 

1:2. 6:3. 7 

1 : 3. 0 : 3 . 6 

1:3. 4:3. 3 

1:1. 7:3. 3 

1:2. 0:3. 3 

1:2. 2:3. 2 

1:2. 5:3. 2 

1:2.9 :2.9 

1:1.2 :2.6 

1:1. 4:2. 6 

1:1. 6:2. 6 

1:1.9 :2.5 

1:2. 1:2. 3 

1 :0.7:1.7 

1:0. 8:1. 7 

1:0. 9:1. 7 

1:1. 1:1. 7 

1:1. 2:1. 6 

1:2. 0:4. 4 

1:2. 2:4.4 

1:2. 5:4. 3 

1:2. 9:4. 3 

1:3. 3:4.1 

1:1. 7:3. 8 

1:1. 9:3. 8 

1 : 2. 1 :3.8 

1:2. 5:3. 7 

1:2. 8:3  6 

1:1.2 :3.0 

1:1. 4:3.0 

1:1. 5:3.0 

1:1. 8:3.0 

1:2. 0:3. 8 

O 

© 

1 :0. 8:2.0 

1:0. 9:2.0 

1:1. 0:2.0 

1:1. 2:2.0 

1:2. 0:5.0 

1:2. 2:5.0 

1:2. 5:5.0 

1:2. 7:5.0 

1 :3.2 :4.7 

1:1. 7:4. 3 

1:1. 9:4. 3 

1:2. 1:4. 3 

1:2. 4:4. 3 

1 :2.7:4  1 

1:1.2 :3.3 

1:1.4:3.4 

1:1. 5:3. 4 

1:1. 8:3. 4 

1:2. 0:3.3 

1 :0.7:2.2 

1 :0.8 : 2.2 

1:0. 9:2. 2 

1:1. 0:2. 3 

1:1. 2:2. 3 

Quantities  of  Materials  for  Concrete 
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Quantities  of  Materials  for  1  cu.  yd.  of  2500  lb.  per  sq.  in.  Concrete 

The  volume  of  cement  Is  expressed  in  barrels  and  of  aggregates  in  cubic  yards 
F  =  fine  aggregate;  C  =  coarse  aggregate. 

Quantities  are  net,  no  allowance  being  made  for  bulking  or  waste. 

For  precautions  to  be  observed  in  using  tables  see  page  9. 


Size  of 
Coarse 
Aggregate 


Slump. 


Quantities  of  Materials  Using  Fine  Aggregate  of  Different  Sizes 


None  . 


J 


No.  4  to  %  in 


No.  4  to  1  in.. 


No.  4  to  134  >n- 


No.  4  to  2  in. . 


%  to  1  in. 


%  to  \]4.  in..  . . 
%  to  2  in . 

%  to  1  %  in. .  •  • 


%  to  2  in . . 

%  to  3  in . 


%  to  1 
3  •'  4 
6  “  7 
8  “  10 

%  to  1 
3  “  4 
C  "  7 
8  “  10 

%  to  1 
3  “  4 

0  “  7 

8  “  10 

\k  to  1 
3  “  4 
6  “  7 
8  •'  10 

%  to  1 
3  “  4 
6  “  7 
8  “  10 

%  to  1 
3  “  4 

6  "  7 

8  “  10 

%  to  1 
3  “  4 
6  »  7 
8  “  10 

y2  to  i 
3  “  4 

C  “  7 

8  “  10 

%  to  1 
3  “  4 
6  “  7 
8  “  10 

y2  to  i 

3  “  4 
6  "  7 
8  "  10 

y2  to  i 
3  “  4 

6  “  7 

8  “  10 


0-No.  30 

0-No.  16 

0-No.  8 

0-No.  4 

0-^ 

in. 

Agg 

re- 

Aggre- 

Ce- 

Agg 

re- 

Aggre- 

Ce- 

Ce- 

Kate 

Ce- 

ga 

e 

gate 

gate 

ment 

F. 

0. 

ment 

F. 

0. 

ment 

F. 

c. 

ment 

2.71 

72 

2.53 

79 

2.30 

82 

1.94 

.83 

1 

1.83 

.89 

3.01 

.67 

2.78 

.74 

2.50 

.78 

2.20 

.78 

2.05 

.85 

3.60 

.59 

3.38 

.65 

2.97 

.70 

2.71 

.72 

2.45 

.76 

4.24 

.44 

4.11 

.49 

3.91 

.52 

3.46 

.56 

3.16 

.61 

1.49 

.35 

.70 

1.46 

.39 

67 

1.42 

.44 

63 

1.39 

.49 

.55  ! 

1.39 

.60 

.49 

1.68 

.32 

.70 

1.67 

.37 

.67 

1.63 

.41 

.63 

157 

.46 

.56  | 

1.54 

.55 

.50 

2.06 

.30 

.67 

2.03 

.33 

.66 

1.98 

.38 

.62 

1.89 

.42 

.56 

1.89 

.50 

•50 

2.83 

.21 

.59 

2.78 

.25 

.58 

2.71 

.28 

.56 

2.64 

.31 

,6o 

2.58 

38 

.50 

1.42 

.32 

.78 

1.39 

.35 

.76 

1.35 

.'40 

.70 

1.30 

.42 

.65 

1.29 

.51 

.59 

1.61 

.29 

.79 

1.56 

.32 

.74 

1.51 

.36 

.69 

1.48 

.41 

.65 

1.47 

.48 

.59 

1.95 

.26 

.75 

1.90 

.28 

.70 

1.87 

.30 

.69 

1.82 

.35 

.65 

1.81 

.43 

.62 

!  2.68 

.19 

.65 

2.64 

.23 

.66 

2.54 

.23 

.64 

2.50 

.26 

.59 

2.58 

.33 

.55 

1.34 

.27 

.83 

1.32 

.31 

.SO 

1.25 

.35 

.76 

1.23 

.40 

.73 

1.23 

.45 

.69 

1.50 

.27 

.82 

1.48 

.28 

.79 

1.43 

.32 

.76 

1.39 

.37 

.72 

1.39 

.43 

.68 

1.83 

.24 

.79 

1.83 

.24 

.76 

1.78 

.29 

.74 

1.73 

.33 

.72 

1.72 

.38 

.66 

|  2.50 

.19 

.70 

2.49 

.18 

.70 

2.42 

.21 

.68 

2.40 

.25 

.64 

2.39 

.28 

.64 

1.25 

.24 

.91 

1.24 

.26 

.88 

1.21 

.29 

.88 

1.17 

.33 

.83 

1.13 

.37 

.79 

|  1.44 

.23 

.92 

1.41 

.25 

.SS 

1.36 

.26 

.87 

1.31 

.31 

.81 

1.32 

.35 

.80 

1.77 

.18 

.87 

1.75 

.21 

.86 

1.70 

.23 

.86 

1.65 

.27 

.81 

1.63 

.29 

.80 

2.43 

.14 

.79 

2.42 

.14 

.79 

2.38 

.18 

.78 

2.32 

.21 

.75 

2.31 

.20 

.75 

1.41 

.38 

.77 

1.39 

.41 

.74 

1.34 

.46 

.69 

1.29 

.50 

.63 

1.29 

.57 

.65 

1.61 

.33 

.76 

1.57 

.37 

.72 

1.51 

.42 

.65 

1.47 

.48 

.63 

1.45 

.54 

.56 

1.97 

.29 

.73 

1.91 

.34 

.71 

1.87 

.36 

.66 

1.83 

.43 

.62 

1.78 

.47 

•58 

1  2.64 

.23 

.62 

2.62 

.27 

.62 

2.56 

.30 

.61 

2.47 

.33 

.58 

2.42 

.36 

.54 

1  32 

.33 

.80 

1.30 

.37 

.79 

1.27 

.41 

.75 

1.22 

.45 

.70 

1.21 

.52 

.64 

1.49 

.33 

.79 

1.48 

.35 

.79 

1.43 

.38 

.74 

1.38 

.43 

.69 

1.37 

.47 

.65 

1.86 

.28 

.80 

1.83 

.33 

.76 

1.77 

.34 

.74 

1.73 

.38 

.69 

1.68 

.45 

.65 

|  2.49 

.22 

.70 

2.46 

.222 

.69 

2.41 

.29 

.64 

2.38 

.32 

.63 

2.32 

.34 

.62 

1.24 

.31 

.86 

1.23 

.33 

.85 

1.09 

.34 

.76 

1.15 

.41 

.78 

1.12 

.45 

.73 

1  41 

.29 

,S5 

1.40 

.31 

.85 

1.35 

.34 

.82 

1.29 

.38 

.76 

1.28 

.44 

.74 

1.77 

.26 

.84 

1.74 

.28 

.82 

1.68 

.30 

.80 

1.62 

.34 

.77 

1.58 

.38 

.73 

2.41 

.18 

.75 

2.37 

.21 

.74 

2.32 

.24 

.76 

2.30 

.27 

.75 

2.22 

.30 

.69 

1.30 

.38 

.73 

1.29 

.44 

.72 

1.21 

.47 

.66 

1.18 

.52 

.63 

1  1.16 

.58 

.57 

1  47 

.37 

.72 

1.45 

.43 

.71 

1.40 

.46 

.66 

1.35 

.50 

.64 

1.32 

.57 

.57 

1.80 

.32 

.69 

1.80 

.37 

.69 

1.75 

.42 

.67 

i  1.67 

.47 

.62 

|  1.64 

•51 

.56 

2.48 

.26 

.63 

2.45 

.29 

.62 

2.40 

.32 

.60 

2.31 

.38 

.58 

j  2.27 

.40 

.54 

1  22 

.36 

.79 

1.22 

.40 

.79 

1.18 

.44 

.75 

1.10 

.47 

.70 

1  1.07 

.52 

.65 

25 

.79 

!  1.38 

.39 

.77 

1.33 

.41 

.75 

1.27 

.47 

.  611 

1.23 

.51 

.65 

1.74 

.31 

.77 

1.70 

.35 

.76 

i  1.66 

.37 

.74 

1.58 

.42 

.70 

|  1.53 

.45 

•64 

2.40 

.25 

.71 

j  2.36 

.28 

.70 

2.29 

.31 

.68 

2.22 

.33 

.60 

1  2.17 

.38 

.64 

115 

.34 

.85 

1.13 

.37 

.84 

1.10 

.41 

.81 

1.05 

.42 

.78 

|  1.02 

.48 

.71 

22 

.84 

1.30 

.37 

.83 

i  1.25 

.39 

.79 

1.21 

.43 

.77 

j  1.18 

.47 

.72 

1  67 

.30 

.82 

1.59 

.33 

.80 

1.55 

.34 

.78 

!  J.49 

.40 

.75 

1 1.45 

.43 

.71 

2.32 

.24 

.75 

2.27 

.27 

.74 

2.20 

.29 

.72 

2.13 

.32 

.73 

1  2.12 

.38 

.72 
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Proportions  for  3000  !b.  per  sq.  in.  Concrete 

Based  on  28-day  compressive  strength  of  6  by  12-in.  cylinders. 

Mixing  water,  including  moisture  in  aggregate,  5.2  gal.  per  sack  of  Portland  cement. 
Proportions  expressed  in  terms  of  dry  and  rodded  volumes  of  aggregate. 
-coarse’aggregate'2'2  indicates  1  vo,ume  of  oement>  <>.9  volumes  of  fine  aggregate  and  2.2  of 

No  allowance  made  for  bulking  of  aggregates  due  to  moisture  or  loose  measurement. 

For  precautions  to  be  observed  in  using  tables  see  page  9. 


Size  of  Coarse 
Aggregate 


Slump, 

in. 


Proportions  Using  Fine  Aggregate  of  Different  Sizes 


No.  4  to  %  in.. 


No.  4  to  1  in. .  . 

No.  4  to  I  kj  in. 

No.  4  to  2  in. .  . 

%  to  1  in . 

%  to  1  %  in. .  .  . 
%  to  2  in . 


74  to  I  7‘Z  in. .  .  . 

/4  to  2  in . 

%  to  3  in . 


0-No.  30 

0-No.  16 

%  to  1 

1:1.5 

1:1.7 

3  ,l  4 

1:1.2 

1:1.4 

6  "  7 

1:0.9 

1:1.0 

8  “  10 

1:0.5 

1:0.6 

%  to  1 

1:1. 3:2. 7 

1:1. 5:2. 6 

3  “  4 

1:1. 0:2. 3 

1:12:2. 2 

6  “  7 

1:0. 7:1. 7 

1:0.8:1.7 

8  "  10 

1:0. 3:1.0 

1:0. 4:1.0 

%  to  1 

1:1. 2:3.1 

1:1. 3:3.1 

3  “  4 

1:0.9:27 

1:1. 1:2. 6 

6  “  7 

1:0. 6:2.0 

1:0. 7:2.0 

8  “  10 

1:0. 3:1. 2 

1:0. 3:1. 2 

%  to  1 

1:1. 1:3. 6 

1  : 1 . 2 : 3 . 5 

3  “  4 

1:0. 9:3.0 

1:1. 0:2.9 

6  “  7 

1:0. 6:2. 2 

1:0. 7:2.2 

8  “  10 

1:0. 3:1. 4 

1:0. 3:1. 3 

%  to  1 

1:1. 0:4.1 

1:1. 1:4.1 

3  “  4 

1:0. 8:3. 4 

1:0. 9:3. 4 

6-7 

1:0. 5:2. 6 

1:0. 6:2. 6 

8  "  10 

1:0. 2:1. 6 

1:0. 3:1. C 

Mi  to  1 

1:1. 4:3.1 

1:1. 5:3.0 

3  "  4 

1:1. 1:2. 6 

1:1. 3:2. 6 

6  “  7 

1:0. 8:2.0 

1:0.8:2.0 

8  “  10 

1:0. 4:1. 2 

1:0. 4:1. 2 

Vs  to  1 

1:1. 4:3. 5 

1:1. 5:3. 4 

3  “  4 

1:1. 1:3.0 

1:1. 2:2. 9 

6  "  7 

1:08:2. 2 

1:0.8 :2.2 

8  “  10 

1:0. 4:1. 4 

1:0. 4:1. 4 

y2  to  i 

1:1. 3:4.0 

1:1. 4:4.0 

3  “  4 

1:1. 0:3. 4 

1:1. 2:3. 4 

6  “  7 

1:0. 7:2.6 

1:0.8 :2.5 

8  ■'  10 

1:0. 4:1. 6 

1:0. 4:1. 6 

y2  to  i 

1:1. 6:3. 2 

1:1. 8:3. 2 

3  “  4 

1:1. 3:2. 7 

1:1. 5:2. 7 

6-7 

1:0.9 :2.0 

1:1.0:2.1 

8  “  10 

1:0. 5:1. 2 

1:0. 5:1. 3 

%  to  1 

1:1. 6:3. 7 

1:1. 8:3. 7 

3“4 

1:1. 3:3.1 

1:1. 5:3.1 

6“7 

1:0. 9:2. 4 

1:1. 1:2.4 

8  “  10 

1:0. 5:1. 5 

1:0. 5:1. 5 

%  to  1 

1:1. 6:4. 2 

1:1. 8:4. 2 

3“4 

1:1. 3:3. 5 

1:1. 5:3. 6 

6  “  7 

1:0. 9:2. 6 

1:1. 0:2. 6 

8  "  10 

1:0. 5:1. 6 

1:0. 5:1. 6 

0-No.  8 

0-No.  4 

0-%  in. 

1:2.0 

1:2.3 

1:2.7 

1:1.7 

1:1.9 

1:2.3 

1:1.2 

1:1.4 

1:1.6 

1:0.7 

1:0.8 

1:0.9 

1:1. 7:2. 5 

1:1. 9:2.4 

1:2. 3:2.1 

1:1. 4:2. 2 

1:1. 6:2.0 

1:1. 9:1. 8 

1:0.9:1.7 

1:1. 1:1. 6 

1:1. 3:1.4 

1:0. 5:1.0 

1:0. 5:1.0 

1:0. 6:0. 9 

1:1. 5:3.0 

1:1.8:2.9 

1:2. 1:2. 7 

1:1. 2:2. 6 

1:1. 4:2. 5 

1:1. 7:2. 3 

1:0.8 :2.0 

1:0. 9:1. 9 

1:1. 1:1. 8 

1 :0.4:1.2 

1:0. 5:1. 2 

1:0. 6: 1.2 

1:1. 5:3. 5 

1:1. 7:3. 4 

1:2. 0:3. 2 

1 :1.2:2.9 

1:1. 4:2. 9 

1:1. 6:2.7 

1:0.8 :2.2 

1:0.9:2.2 

1:1. 1:2.1 

1  :0.4:1.4 

1:0. 5:1. 4 

1:0. 5:1. 3 

1:1. 2:4.1 

1:1. 4:4.1 

1:1. 6:4.0 

1:1. 0:3. 5 

1:1. 1:3. 4 

i  •  i  a  •  a 

1 :0.6:2.7 

1:0.7 :2.6 

1:0. 9:2. 6 

1:0. 3:1. 7 

1:0. 4:1. 7 

1:0. 4:1. 7 

1:1. 8:2.9 

1:2. 1:2. 8 

1 :2.4 :2.6 

1:1. 5:2. 5 

1:1. 7:2. 4 

1:2. 0:2.2 

1:1. 0:1.9 

1:1. 1:1.9 

1:1. 3:1. 8 

1 :0.5:1.2 

1:0. 6:1. 2 

1 :0. 7:1.1 

1:1. 7:3. 4 

1:2. 0:3. 3 

1:2. 3:3.1 

1:1. 4:2. 9 

1:1. 6:2.8 

1:1. 9:2. 6 

1:1.0 :2.2 

1:1. 1:2.1 

1:1.3 :2.0 

1 :0.5 :1. 4 

1:0. 6:1. 3 

1:0. 7:1. 3 

1:1. 6:4.0 

1 :1.9:3.9 

1:2.1:38 

1:1. 3:3. 3 

1 :1.5:3.3 

1:1. 7:3. 2 

1:0.9 :2.6 

1:1. 0:2. 6 

1:1.1:2.5 

1  :0.5:1.6 

1 : 0. 5 : 1. 6 

1:0. 6:1. 6 

1:2. 1:3. 2 

1:2. 4:3.1 

1:2. 7:2. 9 

1 :1.7:2.7 

1:2. 0:2.6 

1:2. 3:2. 5 

1:1.2 :2.0 

1:1.4 :2.0 

1:1. 5:1. 8 

1  :0.6-:1.3 

1 :0.7 : 1.3 

1:0. 8:1. 2 

1:2. 0:3. 7 

1:2. 4:3. 6 

1:2. 6:3. 5 

1:1. 6:3.1 

1:1. 9:3.1 

1:2. 2:3.0 

1 :1.1:2.4 

1:1. 3:2. 4 

1:1.5:2.3 

1 :0.6:1.5 

1:0. 7:1. 5 

1 :0.8 :1.5 

1:2. 0:4. 2 

1 : 2. 3 : 4. 1 

1:2. 6:4.0 

1:1. 6:3. 6 

1:1. 9:3. 6 

1:2. 1:3. 5 

1:1. 1:2. 6 

1:1. 3:2. 6 

1:1. 4:2. 6 

1 :0. 6 : 1.7 

1:0. 7:1. 7 

1:0. 8:1. 7 

Quantities  of  Materials  for  Concrete 
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Quantities  of  Materials  tor  1  cu.  yd.  of  3000  lb.  per  sq.  in.  Concrete 

The  volume  of  cement  is  expressed  in  barrels  and  of  aggregates  in  cubic  yards. 

F  —  fine  aggregate;  C  =  coarse  aggregate.  . 

Quantities  are  net,  no  allowance  being  made  for  bulking  or  waste. 


For  precautions  to  be  observed  in  using  tables  see  page  9. 


Size  of 
Coarse 
Aggregate 


None . 


No.  4  to  %  in.. 


No.  4  lo  1  in. . 


No.  4  to  1 


No.  4  lo  2  in. .  . 

%  to  1  in . 

%  to  1  %.  in. .  .  . 

to  2  in . 

/4  to  1  }/<z  in. .  .  . 
%  to  2  in . 

%  to  3  in . 


Slump, 


Quantities  of  Materials  Using  Fine  Aggregate  of  Different  Sizes 


Aggre- 
Ce-  gate 
ment  F.  C. 


Aggre- 
Ce-  gate 
ment  F.  C. 


Aggre- 
Ce-  gate 
ment  F.  C. 


Aggre- 
Ce-  gate 
ment  F.  C. 


0-%  in. 


Aggre- 
Ce-  gate 
ment  F.  C. 


{ 

34  in.^ 


Ms  to  1 
3  “  4 
6  "  7 
8  "  10 

Vs.  to  1 
3  •'  4 

6  "  7 

8  "  10 

%  to  1 
3  “  4 
6  •'  7 
8  “  10 

Yi  to  1 
3  “  4 
6  “  7 
8  •'  10 

%  to  1 
3  "  4 
6  "  7 
8  "  10 

Vi  to  1 
3  "  4 

6  "  7 

8  "  10 

'A  to  1 
3  "  4 

6  “  7 

8  "  10 

%  to  1 
3  "  4 
C  "  7 

8  "  10 

A  to  1 
3  '•  4 
6  “  7 
8  "  10 

Vi  to  1 
3  “  4 

6  “  7 

8  “  10 

%  to  1 
3“4 
6  •*  7 

8  "  10 


3.08 

68 

2.96 

74 

1  3.61 

.64 

3.31 

.69 

i  3.99 

.53 

3.79 

.56 

4.77 

.35 

4.63 

.41 

1.75 

.34 

.70 

1.73 

.38 

.66 

2.00 

.30 

.68 

1.97 

.35 

.64 

2.48 

.26 

.62 

2.46 

.29 

.62  I 

3.46 

.15 

.51 

3.44 

.20 

.51 

1.68 

.30 

.77 

1.65 

.32 

.76 

1.88 

.25 

.75 

1.86 

.30 

.72 

2.39 

.21 

.71 

2.38 

.25 

.70 

3.32 

.15 

.59 

3.30 

.15 

.59 

1.-58 

.23 

.84 

1.55 

.28 

.80 

1.80 

.24 

.80 

1.78 

.26 

.76 

2.30 

.20 

.75 

2.27 

.24 

.74 

3.19 

.14 

.66 

3.17 

.14 

.61 

1.50 

.22 

.91 

1.49 

.24 

.90 

1.73 

.20 

.87 

1.71 

.23 

.86 

2.18 

.16 

.84 

2.14 

.19 

.82 

3.12 

.09 

.74 

3.09 

.14 

.73 

1.69 

.35 

.77 

1.65 

.37 

.73 

1.91 

.31 

.73 

1.88 

.36 

.72 

2.40 

.28 

.71 

2.36 

.28 

.70 

3.23 

.19 

.57 

3.21 

.19 

.57 

1.57 

.32 

.81 

1.55 

.34 

.78 

I  1.81 

.30 

.81 

1.78 

.32 

.76 

2.30 

.20 

.75 

2.26 

.27 

.74 

2.97 

.18 

.61 

2.94 

.17 

.61 

1.49 

.29 

.88 

1.48 

.32 

.88 

1.73 

.26 

.87 

1.70 

.30 

.86 

2.18 

.23 

.84 

2.12 

.25 

.79 

2.98 

.18 

.71 

2.99 

.18 

.71 

1.55 

.37 

.73 

1.52 

.40 

.72 

1.79 

.34 

.71 

1.75 

.39 

.70 

2.29 

.30 

.68 

2.24 

.33 

.70 

3.03 

.22 

.54 

3.01 

.22 

.58 

1.47 

.35 

.80 

1.44 

.38 

.79 

1.70 

.33 

.78 

1.66 

.37 

.76 

2.16 

.29 

.77 

2.08 

.34 

.74 

2.97 

.22 

.66 

2.97 

.22 

.66 

1.39 

.33 

.86 

1.35 

.36 

.84 

1.60 

.31 

.83 

1.55 

.34 

.83 

2.03 

.27 

.78 

1.98 

.29 

.76 

2.87 

.21 

.68 

1  2.85 

.21 

.67 

2.65  .78 
2.93  .74 
3.57  .63 
4.34  .45 


1.60  .36  .71 
1.83  .32  .70 
2.32  .27  .69 

3.25  .19  .58 

1.50  .33  .78 
1.73  .31  .74 
2.21  .26  .72 
3.09  .18  .64 


1.65  .24  .85 


1.50  .38  .75 
1.73  .36  .74 
2.20  .33  .72 
2.88  .21  .60 

1.42  .34  .84 
1.63  .31  .80 
2.05  .27  .79 
2.90  .21  .69 


1.48  .46 
1.71  .43 
2.17  .39 
2.93  .26 


1.40  .41  .77 
1.62  .38  .74 
2.04  .33  .73 
2.81  .25  .62 

1.30  .38  .81 
1.52  .36  .81 
1.94  .32  .75 
2.75  .24  .69 


2.34 

.80 

2.14 

.86 

2.66 

.75 

2.37 

.81 

3.18 

.66 

2.93 

.69 

3.93 

.47 

3.79 

.50 

1.63 

.46 

.58 

1.59 

.54 

.4  9 

1.86 

.44 

.55 

i  .86 

.52 

.49 

2.37 

.39 

.56 

2.35 

.45 

.49 

3.34 

.25 

.49 

3.31 

.29 

.44 

1.55 

.41 

.66 

1.53 

.47 

.61 

1.78 

.37 

.66 

1.76 

.44 

.60 

2.27 

30 

.64 

2.26 

.37 

.60 

3.21 

24 

.57 

3.18 

.28 

.56 

1.46 

.37 

.73 

1.46 

.43 

.69 

1.68 

.35 

.72 

1.67 

.40 

.67 

2.15 

.29 

.70 

2.12 

.35 

.06 

3.04 

.22 

.63 

3.02 

.22 

.58 

1.38 

.29 

.84 

1.38 

.33 

.82 

1.60 

.26 

.81 

1.60 

.31 

.80 

2.01 

.21 

.77 

2.01 

.27 

.77 

2.94 

.17 

.74 

2.94 

.17 

.74 

1.54 

.43 

.64 

1.51 

.54 

.58 

1.78 

.45 

.63 

1.73 

.51 

.56 

2.26 

.37 

.64 

2.19 

.42 

.58 

3.00 

.27 

.53 

2.93 

.30 

.48 

1.45 

.43 

.71 

1.43 

.49 

.66 

1.68 

.40 

.70 

1.63 

.46 

.63 

2.15 

.35 

.67 

2.08 

.35 

.62 

2.87 

.26 

.60 

2.78 

.30 

.55 

1.36 

.38 

.77 

1.34 

.42 

.75 

1.58 

.35 

.77 

1.55 

.39 

.73 

2.01 

.30 

.77 

1.93 

.31 

.72 

2.93 

.22 

.69 

2.84 

.25 

.67 

1.41 

.50 

.65 

1.38 

.55 

.59 

1.63 

.48 

.63 

1.59 

.54 

.59 

2.08 

.43 

.62 

2.03 

.45 

.54 

2.90 

.30 

.56 

2.88 

.34 

.51 

1.34 

.48 

.71 

1.29 

.50 

.67 

1.53 

.43 

.70 

1.50 

.49 

.67 

1.92 

.37 

.68 

1.90 

.42 

.65 

2.74 

.28 

.42 

2.74 

.23 

.42 

1.25 

.42 

.76 

1.21 

.46 

.71 

1.46 

.41 

.78 

1.42 

.44 

.73 

1.87 

.36 

.72 

1.83 

.38 

.70 

2.69 

.28 

.68 

2.64 

.31 

.66 
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Proportions  for  3500  lb.  per  sq.  in.  Concrete 


Based  on  28-day  compressive  strength  of  6  by  12-in.  cylinders. 

Mixing  water,  including  moisture  in  aggregate,  4.7  gal.  per  sack  of  Portland  cement. 

Proportions  expressed  in  terms  of  dry  and  rodded  volumes  of  aggregate. 

Thus,  1-0. 6-1. 7  indicates  1  volume  of  cement,  0.6  volumes  of  fine  aggregate  and  1.7  of 
coarse  aggregate. 

No  allowance  made  for  bulking  of  aggregates  due  to  moisture  or  loose  measurement. 

For  precautions  to  be  observed  in  using  tables  see  page  9. 


Size  of  Coarse 
Aggregate 

Slump, 

in. 

Proportions  Using  Fine 

Aggregate 

of  Different 

Sizes 

0-No.  30 

0-No.  16 

0-No.  8 

0-No,  4 

0-%  In. 

r 

% 

to  1 

1:1.2 

1:1.4 

1:1.6 

1:1.9 

1:2.2 

None . J 

3 

“  4 

1:1.0 

1:1.1 

1:1.3 

1:1.5 

1:1.8 

6 

“  7 

1:0.6 

1:0.8 

1:0.9 

1:1.0 

1:1.2 

l 

8 

•*  10 

1:0.3 

1:0.4 

1:0.4 

1 : 0. 5 

1:0.6 

f 

y2 

to  1 

1:1. 0:2. 2 

1:1. 1:2.2 

1:1. 3:2.1 

1:1. 5:2.0 

1:1. 8:1. 8 

No.  4  to  %  in. .  J 

3 

“  4 

1:0. 8:1. 9 

1:0. 9:1. 9 

1:1. 0:1. 8 

1:1. 2:1. 7 

1:1. 4:1. 5 

6 

..  , 

1:0.5:1.3 

1:0. 6:1. 4 

1:0. 6:1. 3 

1:0. 8:1. 3 

1:0.9:1.2 

l 

8 

“  10 

1:0. 2:0. 7 

1:0. 2:0. 7 

1:0. 3:0. 7 

1:0. 3:0. 7 

1:0. 4:0. 6 

r 

y2 

to  1 

1:0. 9:2. 6 

1:1. 0:2. 6 

1:1. 2:2. 5 

1:1. 4:2. 4 

1:1. 6:2. 3 

3 

"  4 

1:0. 7:2. 2 

1:0. 8:2. 2 

1:0. 9:2. 2 

1:1. 1:2.1 

1:1. 3:2.0 

6 

“  7 

1:0.4:1.5 

1:0. 5:1. 5 

1:0. 6:1. 5 

1:0. 6:1. 5 

1:0. 8:1. 4 

1 

S 

“  10 

1:0. 2:0. 8 

1:0. 2:0. 8 

1:0. 2:0. 8 

_  1:0. 3:0. 8 

1:0. 3:0. 8 

r 

% 

to  1 

1:0. 9:2. 9 

1:1. 0:2.3 

1:1. 1:2. 9 

1:1. 3:2. 8 

1:1. 5:2. 7 

3 

“  4 

1:0. 7:2. 5 

1:0. 8:2. 4 

1:0. 9:2. 4 

1:1. 0:2. 4 

1:1. 2:2. 3 

-  i 

6 

“  7 

1:0. 4:1. 8 

1:0.5:1.7 

1:0. 5:1. 8 

1:0. 6:1. 7 

1:0.7 :1.7 

l 

8 

"  10 

1:0. 2:0. 9 

1:0. 2:0. 9 

1:0. 2:0. 9 

1:0. 2:0. 9 

1:0. 3:0. 9 

r 

% 

to  1 

1:0. 7:3. 3 

1:0. 8:3. 3 

1:0. 9:3. 4 

1:1. 0:3. 3 

1:1. 2:3. 3 

3 

“  4 

1:0. 6:2. 8 

1:0. 6:2. 8 

1:0. 7:2. 8 

1:0. 8:2. 8 

1:1. 0:2. 8 

6 

“  7 

1:0.3 :2.0 

1:0. 4:2.0 

1:0.4 :2.0 

1:0. 5:2.0 

1:0. 6:2.0 

1 

8 

"  10 

1:0. 1:1.0 

1:0. 1:1.0 

1:0. 2:1.0 

1:0. 2:1.0 

1:0. 2:1.0 

r 

% 

to  1 

1:1. 1:2. 5 

1:1. 2:2. 5 

1:1. 4:2. 5 

1:1. 6:2. 3 

1:1. 8:2. 2 

H,  to  !  in . J 

3 

“  4 

1:0. 8:2.1 

1:0. 9:2.1 

1:1. 1:2.1 

1:1. 3:2.0 

1:1. 5:1. 9 

6 

“  7 

1:0.5 :1.5 

1:0. 6:1. 5 

1:0. 7:1.5 

1:0. 8:1. 4 

1:0.9 :1.4 

l 

8 

“  10 

1 :0.2 :0.8 

1:0. 2:0. 8 

1:0. 3:0. 8 

1:0. 3:0. 8 

1:0. 4:0. 7 

f 

y2 

to  1 

1:1. 0:2. 8 

1:1. 2:2. 8 

1:1. 3:2. 8 

1:1. 6:2.7 

1:1. 8:2. 6 

3 

“  4 

1:0. 8:2. 4 

1:0. 9:2. 4 

1:1. 1:2. 4 

1:1. 2:2. 3 

1:1. 5:2. 3 

6 

"  7 

1:0. 5:1.7 

1:0. 6:1. 7 

1:0. 7:1. 7 

1:0.8:1.7 

1:0. 9:1. 6 

l 

8 

'•  10 

1:0. 2:0. 8 

1:0. 2:0. 8 

1:0. 3:0. 8 

1:0. 3:0. 8 

1:0. 4:0. 8 

r 

V6 

to  1 

1:1. 0:3. 2 

1:1. 1:3. 2 

1:1. 2:3. 2 

1:1. 4:3. 2 

1:1. 6:3.1 

%  to  2  in . J 

3 

“  4 

1:0. 8:2. 7 

1:0. 8:2. 7 

1:1. 0:2. 7 

1:1. 1:2. 7 

1:1. 3:2. 7 

i 

6 

••  7 

1:0. 5:1. 9 

1:0.5:1.9 

1:0. 6:2.0 

1:0.7:2.0 

1:08:1.9 

l 

8 

"  10 

1:0. 2:0. 9 

1:0. 2:1.0 

1:0. 2:1.0 

1:0. 3:1.0 

1:0. 3:1.0 

r 

% 

to  1 

1:1. 3:2. 6 

1:1. 4:2. 7 

1:1. 6:2. 6 

1:1. 9:2.6 

1:2. 2:2. 4 

to  I  }/%  in. .  .  .  J 

3 

“  4 

1:1. 0:2. 2 

1:1. 2:2. 3 

1:1. 3:2. 2 

1:1. 5:2. 2 

1:1. 8:2.1 

6 

“  7 

1:0.7 :1.6 

1:0.7 :1.6 

1:0.9:1.6 

1:1. 0:1. 6 

1:1.2 :1.6 

i 

8 

"  10 

1:0. 3:0. 8 

1:0. 3:0. 8 

1:0. 4:0. 8 

1:0. 4:0. 8 

1:0. 5:0. 8 

r 

% 

to  1 

1:1. 2:3.0 

1:1. 4:3.1 

1:1. 6:3.1 

1:1. 8:3.1 

1:2. 1:3.0 

%  to  2  in . 

3 

“  4 

1 :1. 0:2.5 

1:1. 1:2.6 

1:1. 2:2. 6 

1:1. 5:2. 6 

1:1. 7:2. 5 

\ 

6 

••  7 

1:0.6:1.8 

1:0. 7:1. 8 

1:0.8:1.9 

1:0.9 :1.9 

1:1. 1:1.9 

1 

8 

“  10 

1:0. 3:0. 9 

1:0. 3:0. 9 

1:0. 3:0. 9 

1:0. 4:0.9 

1:0. 5:0. 9 

r 

y2 

to  1 

1:1. 2:3. 4 

1:1. 3:3. 4 

1:1. 5:3. 4 

1:1. 7:3. 3 

1:2. 0:3. 3 

%  to  3  in . i 

3 

“  4 

1:1. 0:2. 8 

1:1. 1:2. 8 

1:1. 2:2. 8 

1:1. 4:2. 8 

1:1. 6:2. 8 

i 

6 

“  7 

1:0.6:2.0 

1:0. 7:2.0 

1:0. 8:2.0 

1:0.9 :2.0 

1:1. 0:2.0 

l 

8 

"  10 

1:0. 3:1.0 

1 :0.3 :1.0 

1:0. 3:1.0 

1:0. 4:1.0 

1:0. 4:1.0 

Quantities  of  Materials  for  Concrete 


17 


Quantities  of  Materials  for  1  cu.  yd.  of  3500  lb.  per  sq.  in.  Concrete 

The  volume  of  cement  is  expressed  in  barrels  and  of  aggregates  in  cubic  yards. 

F  =  fine  aggregate;  C  =  coarse  aggregate. 

Quantities  are  net,  no  allowance  being  made  for  bulking  or  waste. 

For  precautions  to  be  observed  in  using  tables  see  page  9. 


Quantities  of  Materials  Using  Fine  Aggregate  of  Different  Sizes 


Size  of 
Coarse 
Aggregate 


None . . 

No.  4  to  %  in. . 

No.  4  to  1  in. .  . 

No.  4  to  1  in. 

No.  4  to  2  in. . . 

^  to  I  in . 

sit  to  1 14  in. .  . . 


%  to  2  in. 


%  to  1  H  in. .  .  . 

%  to  2  in. ....  . 

%  to  3  in . 


Slump, 

in. 


0-No.  30 

0-No.  16 

0-No.  8 

0-No.  4 

()■%  in. 

Aggre- 

Aggre- 

Aggre- 

Agere- 

Aggre- 

Ce-  gate 

Ce-  gate 

Ce-  gate 

ment  F.  0. 

Ce-  gate 

ment  F.  0. 

Ce  gate 

ment  F.  0. 

ment  F.  0. 

ment  F.  0. 

{ 

{ 

{ 

{ 

{ 

{ 

{ 


{ 

{ 

{ 


% 

to 

1 

3.58 

64 

3.38 

70 

3.11 

.74 

2.71 

.76 

2.48 

.81 

3 

44 

4 

3.90 

.58 

3.83 

.62 

3.51 

.68 

3.13 

.70 

2.81 

.75 

6 

44 

7 

4.82 

.43 

4.34 

.52 

4.12 

.55 

3.79 

.56 

3.46 

.61 

8 

"  10 

5.00 

.30 

4.95 

.29 

4.48 

.33 

4.37 

.30 

% 

to 

1 

2.08 

31 

.68 

2.06 

.34 

.67 

2.01 

.39 

63 

1.91 

.42 

.57 

1.92 

.51 

.61 

3 

“ 

4 

2.38 

.28 

.67 

2.36 

.31 

.66 

2.52 

.37 

.67 

2.25 

.40 

.57 

2.22 

.46 

.49 

G 

41 

7 

3.08 

.23 

.59 

3.02 

.27 

.63 

2.96 

.26 

.57 

2.88 

.34 

.56 

2.83 

.38 

.50 

8 

44 

10 

4.02 

.12 

.42 

3.96 

.12 

.41 

3.89 

.17 

.40 

3.83 

.17 

.40 

3.79 

.22 

.34 

% 

to 

1 

1.95 

.26 

.75 

1.93 

.29 

.74 

1.90 

.34 

.70 

1.84 

.38 

.65 

1.84 

.43 

.63 

3 

14 

4 

2.27 

.24 

.74 

2.25 

.27 

.73 

2.18 

.29 

.71 

2.15 

.35 

.67 

2.10 

.40 

.62 

6 

44 

7 

2.93 

.17 

.65 

2.89 

.21 

.64 

2.79 

.25 

.62 

2.74 

.24 

.61 

2.67 

.32 

.55 

8 

10 

3. 88 

.11 

.46 

3.82 

.11 

.45 

3.79 

.11 

.45 

3.68 

.16 

.44 

3.67 

.16 

.43 

% 

to 

1 

1.85 

.25 

.79 

1.85 

.27 

.79 

1.80 

.29 

.77 

1.70 

.33 

.70 

1.73 

.38 

.69 

3 

“ 

4 

2.14 

.22 

.79 

2.11 

.25 

.75 

2.05 

.27 

.73 

1.97 

.29 

.70 

1.98 

.35 

.67 

6 

“ 

7 

2.76 

.22 

.74 

2.70 

.20 

.68 

2.59 

.19 

.69 

2.58 

.23 

.65 

2.58 

.27 

.65 

8 

“ 

10 

3.79 

.11 

.50 

3.69 

.11 

.49 

3.67 

.11 

.49 

3.72 

.11 

.50 

3.80 

.17 

.51 

y2 

to 

1 

1.79 

.19 

.87 

1.77 

.21 

.86 

1.71 

.23 

.86 

1.68 

.25 

.87 

1.65 

.29 

.81 

3 

“ 

4 

2.04 

.18 

.84 

2.00 

.18 

.83 

1.95 

.20 

.81 

1.92 

.23 

.80 

1.91 

.28 

.79 

6 

44 

7 

2.62 

.12 

.78 

2.60 

.15 

.77 

2.52 

.15 

.75 

2.50 

.19 

.74 

2.50 

.22 

.74 

8 

“ 

10 

3.81 

.06 

.56 

3.75 

.06 

.56 

3.72 

.11 

.55 

3.68 

.11 

.54 

3.76 

.11 

.56 

l/2 

to 

1 

2.02 

.33 

.75 

1.94 

.34 

.72 

1.88 

.39 

.69 

1.85 

.44 

.63 

1.79 

.48 

.58 

3 

44 

4 

2.28 

.27 

.71 

2.24 

.30 

.70 

2.18 

.35 

.68 

2.14 

.41 

.63 

2.05 

.45 

.58 

6 

44 

7 

2.86 

.21 

.64 

2.84 

.25 

.63 

2.76 

.29 

.61 

2.74 

.32 

.67 

2.66 

.35 

.55 

8 

“ 

10 

3.88 

.11 

.46 

3.82 

.11 

.45 

3.79 

.17 

.45 

3.68 

.16 

.44 

3.67 

.22 

.38 

% 

to 

1 

1.88 

.28 

.78 

1.85 

.33 

.77 

1.79 

.34 

.74 

1.74 

.41 

.70 

1.69 

.45 

.65 

3 

“ 

4 

2.16 

.26 

.77 

2.10 

.28 

.75 

2.04 

.33 

.73 

1.98 

.35 

.67 

1.93 

.43 

.66 

6 

44 

7 

2.72 

.20 

.68 

2.66 

.24 

.67 

2.59 

.27 

.65 

2.56 

.30 

.64 

2.52 

.34 

.60 

8 

44 

10 

3.79 

.11 

.45 

3.69 

.11 

.44 

3.67 

.16 

.43 

3.40 

.15 

.40 

3.31 

.20 

.39 

% 

to 

1 

1.78 

.26 

.84 

1.75 

.28 

.83 

1.69 

.30 

.80 

1.63 

.36 

.77 

1.59 

.38 

.73 

3 

4 

2.03 

.24 

.81 

1.98 

.23 

.79 

1.93 

.29 

.77 

1.91 

.31 

.76 

1.84 

.35 

.73 

6 

“ 

7 

2.58 

.19 

.73 

2.54 

.19 

.71 

2.49 

.22 

.74 

2.47 

.26 

.73 

2.40 

.28 

.68 

8 

“ 

10 

3. SO 

.11 

.51 

3.73 

.11 

.55 

3.64 

.11 

.54 

3.68 

.16 

.54 

3.56 

.16 

.53 

% 

to 

1 

1.84 

.35 

.71 

1.82 

.38 

.73 

1.77. 

.42 

.68 

1.68 

.47 

.65 

1.65 

.54 

.59 

3 

44 

4 

2.13 

.32 

.69 

2.09 

,37 

.71 

2.02 

.39 

.66 

1.85 

.41 

.60 

1.89 

.50 

.59 

6 

“ 

7 

2.68 

.28 

.64 

2.63 

.27 

.62 

2.56 

.34 

.61 

2.49 

.37 

.59 

2.45 

.44 

.58 

8 

44 

10 

3.79 

.17 

.45 

3.69 

.16 

.43 

3.67 

.22 

.43 

3.72 

.22 

.44 

3.66 

.27 

.43 

y2 

to  1 

1.76 

.31 

.78 

1.72 

.36 

.79 

1.67 

.40 

.77 

1.58 

.42 

.72 

1.55 

.48 

.69 

3 

4 

2.01 

.30 

.74 

1.95 

V31 

.75 

1.92 

.34 

.74 

1.84 

.41 

.71 

1.80 

.45 

.67 

6 

14 

7 

2.58 

.23 

.69 

2.54 

.26 

.68 

2.48 

.29 

.70 

2.40 

.32 

.68 

2.35 

.38 

.66 

8 

44 

10 

3.78 

.17 

.50 

3.73 

.17 

.50 

3.63 

.16 

.48 

3.59 

.21 

.48 

3.49 

.26 

.46 

lA> 

to  1 

1.G7 

.30 

.84 

1.61 

.31 

.81 

1.57 

.35 

.79 

1.51 

.38 

.74 

1.47 

.43 

.72 

3 

4 

1.91 

.28 

.79 

1.86 

.30 

.77 

1.93 

.34 

.80 

1.76 

.36 

.73 

1.71 

.40 

.71 

6 

7 

2.48 

.22 

.74 

2.43 

.25 

.72 

2.37 

.28 

.70 

2.30 

.31 

.68 

2.25 

.33 

.67 

8 

10 

3.64 

.16 

.54 

3.57 

.16 

.53 

3.52 

.16 

.52 

3.46 

.20 

.51 

3.38 

.20 

.50 
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Proportions  for  4000  lb.  per  sq.  in.  Concrete 

Based  on  28-day  compressive  strength  of  6  by  12-in.  cylinders. 

Mixing  water,  including  moisture  in  aggregate,  4.2  gal.  per  sack  of  Portland  cement. 
Proportions  expressed  in  terms  of  dry  and  rodded  volumes  of  aggregate. 

Thus,  1-0. 4-1. 2  indicates  1  volume  of  cement,  0.4  volumes  of  fine  aggregate  and  1.2  of 


Size  of  Coarse 


Slump, 


Proportions  Using  Fine  Aggregate  of  Different  Sizes 


Aggregate 

None . 

No.  4  to  %  in.. 

No.  4  to  1  in. . . 

No.  4  to  1  m. 

No.  4  to  2  in. .  . 

%  to  1  in . 

%  to  1  in. .  . . 
%  to  2  in . 

%  to  I  %  in. .  .  . 

%  to  2  in. 

%  to  3  in. 


{ 

{ 

{ 

f 


0-No.  30 

0-No.  16 

0-No.  8 

0-No.  4 

Vi  to  l 

1:0.9 

1:1.1 

1:1.2 

1:1.5 

3  "  4 

1:0.7 

1:0.9 

1:1.0 

1:1.2 

6  “  7 

1:0.4 

1:0.5 

1:0.6 

1:0.7 

8  “  10 

1:0.1 

1:0.2 

1:0.2 

1:0.2 

Vi  to  1 

1:0. 8:1. 8 

1:0. 9. 1.8 

1:1. 0:1. 8 

1:1. 2:1. 7 

3  ••  4 

1:0. 6:1. 5 

1:0. 6:1. 4 

1 :0.8:1.5 

1:0. 9:1. 4 

6  ••  7 

1:0.3 :0.9 

1:0. 4:1.0 

1:0.4:0.9 

1:0.5 :0.9 

8  "  10 

1:0. 1:0. 3 

1:0. 1:0. 3 

1:0. 1:0. 3 

1 :0.1:0.3 

Vi  to  1 

1:0. 7:2.1 

1:0. 8:2.1 

1:0. 9:2.1 

1:1. 0:2.0 

3  “  4 

1:0. 5:1. 7 

1:0. 6:1. 6 

1:0. 7:1. 7 

1:0. 8:1. 7 

6  “  7 

1:0.3:1.1 

1:0.3:1.1 

1:0. 4:1.1 

1:0.4:1.1 

8  “  10 

1:0. 1:0. 4 

1:0. 1:0. 4 

1:0. 1:0. 4 

1:0. 1:0. 4 

Vi  to  1 

1:0. 6:2. 4 

1:0. 7:2. 4 

1:0. 8:2. 4 

1:1. 0:2. 3 

3  “  4 

1:0. 5:2.0 

1:0.5 :1. 9 

1:0. 6:2.0 

1:0. 7:1. 9 

6  "  7 

1:0. 3:1.2 

1:0.3:1.2 

1:0. 3:1.2 

1:0. 4:1.2 

8  “  10 

1:0. 1:0. 4 

1:0. 1:0.4 

1:0. 1:0. 4 

1:0. 1:0. 4 

Vi  to  1 

1:0. 5:2. 7 

1:0. 6:2. 7 

1:0. 7:2. 7 

1:0. 8:2. 7 

3  “  4 

1:0. 4:2. 2 

1:0. 4:2. 2 

1:0. 5:2. 3 

1:0. 6:2. 3 

6  “  7 

1:0.2:1.4 

1:0.2 :1.4 

1:0.3:1.4 

1:0. 3:1. 5 

8  “  10 

1:0. 1:0. 4 

1:0. 1:0. 4 

1:0. 1:0.5 

1:0. 1:0. 5 

Vi  to  1 

1:0. 8:2.1 

1:0. 9:2.0 

1:1. 0:2.0 

1:1. 2:1. 9 

3  “  4 

1:0. 6:1. 7 

1:0. 7:1. 7 

1:0. 8:1. 6 

1:0. 9:1. 6 

6  “  7 

1:0. 3:1.1 

1:0. 4:1.1 

1:0. 4:1.0 

1:0.5:1.0 

8  "  10 

1:0. 1:0.4 

1:0. 1:0. 4 

1:0. 1:0. 4 

1:0. 1:0. 4 

V4  to  1 

1  :0.8:2.3 

1:0. 9:2. 3 

1:1. 0:2. 3 

1:1. 2:2. 3 

3  “  4 

1:0. 6:1. 9 

1:0. 7:1. 9 

1:0. 8:1. 9 

1:0. 9:1. 9 

6  “  7 

1:0.3:1.2 

1:0. 4:1.2 

1:0. 4:1.2 

1 :0.5:1.2 

8  "  10 

1:0. 1:0. 4 

1:0. 1:0. 4 

1:0. 1:0. 4 

1:0. 1:0. 4 

Vi  to  1 

1:0. 7:2. 6 

1:0. 8:2. 6 

1:0. 9:2. 6 

1:1. 0:2. 6 

3  “  4 

1:0. 6:2.1 

1:0. 6:2. 2 

1:0. 7:2. 2 

1:0. 8:2. 2 

6  “  7 

1:0.3 :1.4 

1:0. 3:1. 4 

|  1:0.4:1.4 

1:0.4:1.4 

8  *'  10 

1:0. 1:0.4 

1:0. 1:0. 4 

1:0. 1:0. 5 

1:0. 1:0. 4 

Vi  to  1 

1:1. 0:2.2 

1:1. 1:2. 2 

1:1. 3:2. 2 

1:1. 5:2.1 

3  44  4 

1:0. 8:1. 8 

1:0. 9:1. 8 

1:1. 0:1. 8 

1:1. 2:1. 8 

6  “  7 

1 :0.4:1.1 

1:0. 5:1.1 

1:0.6 :1.2 

1:0. 7:1.1 

8  “  10 

1:0. 1:0. 4 

1:0. 1:0.  4 

1 :0.2:0.4 

1  :0.2:0.4 

Vi  to  1 

1:0. 9:2. 5 

1:1. 0:2. 5 

1:1. 2:2. 5 

1:1. 4:2. 5 

3  “  4 

1:0. 7:2.0 

1:0. 8:2.1 

1:0. 9:2.1 

1:1. 1:2.1 

6  “  7 

1:0.4:1.3 

1:0.5: 1.3 

1:0.5:1.4 

1:0.6 :1.4 

8  “  10 

1:0. 1:0. 4 

1:0. 1:0. 4 

1:0. 2:0. 4 

1:0. 2:0. 4 

Vi  to  1 

1:0. 9:2. 7 

1:1. 0:2. 7 

1:1. 2:2. 8 

1:1. 3:2. 7 

3  “  4 

1 :0. 7:2.2 

1:0. 8:2. 3 

1:0. 9:2. 3 

1:1. 0:2. 3 

6  “  7 

1:0.4 :1.4 

1:0.4 :1.4 

i  1:05:1.5 

1:0.6:1.5 

8  “  10 

1:0. 1:0. 5 

1:0.1 :0. 5 

1:0. 1:0. 5 

1:0. 2:0. 5 

|  0-%  in. 


1:1.7 

1:1.4 

1:0.7 

1:0.3 

1:1. 4:1. 5 
1:1. 1:1. 3 
1:0. 6:0.8, 
1:0. 2:0. 3 

1:1. 2:1. 9 
1:0. 9:1. 6 

1:0.5:1.1 

1:0. 1:0. 4 


1:1. 1:2. 2 
1:0. 9:1. 9 
1:0. 4:1.2 

1:0. 1:0. 4 


1:0. 9:2.  S 
1:0. 7:2.5 

1:0. 3:1.4 

1:0. 1:0. S 


1:1. 4:1. 
1:1. 1:1. 1 
1:0.6 :1.4 

1:0. 2:0.' 


1:1. 4:2.1 
1:1. 1:1. 1 
1:0. 6:1.! 
1:0. 2:0. 

1:1. 2:2. 
1:1. 0:2. 

1:0.5:1. 

1:1. 7:2.0 
1:1. 3:1. 
1:0.8 :1. 
1:0. 2:0. 

1:1. 6:2. 
1:1. 3:2. 

1:0.7 :1. 

1:0. 2:0. 

1:1. 5:2. 
1:1. 2:2. 

1:0.7:1. 

1:0. 2:0. 
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Quantities  of  Materials  for  1  cu.  yd.  of  4000  lb.  per  sq.  in.  Concrete 


The  volume  of  cement  is  expressed  in  barrels  and  of  aggregates  in  cubic  yards. 
F  —  fine  aggregate;  C  =  coarse  aggregate. 

Quantities  are  net,  no  allowance  being  made  for  bulking  or  waste. 

For  precautions  to  be  observed  in  using  tables  see  page  9. 


Size  of 
Coarse 
Aggregate 


None . 

. { 

No.  4 

to  %  in..^ 

No.  4 

to  1  in. .  .^f 

No.  4 

to  \H  in._^ 

No.  4 

to  2  in. .  .^f 

%  ‘o 

1  in . 

%  to 

1 34  in..  . 

%  to 

2  in . | 

%  to 

1  %  in. ...  j 

%  to 

2  in . j 

%  to 

3  in . 

<3 

uantities  of  Mater 

als  Df-ing 

Fine 

Aggregate 

of  Different  Sizes 

Slump, 

0-N 

o.  30 

0-No.  16 

0-No.  8 

0-No.  4 

0-N 

in. 

in. 

Aggre- 

Aggre- 

Ce- 

Aggre- 

Ce- 

Aggre- 

Ce- 

Ce- 

gate 

Ce- 

gate 

gate 

nent 

F. 

0. 

nent 

F. 

C. 

nent 

F.  -iC. 

me  lit 

r  . 

U. 

nent 

V,  t  o 

1 

4.21 

56 

3.91 

65 

3.75 

.79 

3.19 

.71 

| 

2.96 

.75 

3 

« 

4 

4.64 

.48 

4.25 

.57 

4.03 

.60 

3.57 

.64 

3.27 

.68 

6 

8 

"  10 

5.05 

.30 

5.21 

.39 

4.89 

.44 

4.36 

.45 

4.41 

4.78 

.46 

.21 

M: 

to 

1 

2.46 

29 

65  j 

2.44 

32 

65  i 

2.39 

.35 

64 

2.33 

.41 

.59 

2.30 

.48 

.51 

3 

4 

2.86 

.25 

64 

2.80 

.25 

58 

2.74 

.32 

61 

2.64 

.35 

.55 

2.61 

.42 

,50 

6 

« 

n 

3.68 

.16 

.49 

3.67 

.22 

.54 

3.62 

.21 

.48 

3.56 

.26 

.48 

3.54 

.23 

.34 

8 

■■  10 

4.79 

.06 

.23  ’ 

4.79 

.07 

.23 

4.77 

.08 

.23 

4.76 

.10 

.23 

4.74 

.11 

.22 

Vo 

to 

1 

2.36 

.24 

.73 

2.32 

.27 

.72 

2.27 

.30 

.71 

2.21 

.33 

.65 

2.18 

.39 

.61 

3 

4 

2.71 

.20 

.68 

2.65 

.24 

.63 

2.58 

.27 

.  (To 

2.56 

.30 

.64 

2.54 

.  3  4 

.60 

6 

«« 

7 

3.59 

.16 

.58 

3.58 

.16 

.58 

3.51 

.21 

.57 

3.46 

.20 

.56 

3.48 

.26 

.57 

8 

10 

4.79 

.05 

.25 

4.76 

.05 

.26 

4.73 

.07 

.26 

4.70 

.08 

.26 

4.69 

.09 

.26 

l/o 

to 

1 

2.25 

.20 

.80 

2.21 

.23 

.78 

2.15 

.25 

.76 

2.03 

.30 

.69 

2.05 

.33 

.67 

4 

2.56 

.19 

.76 

2.54 

.19 

.71 

2.46 

.22 

.73 

2.43 

.25 

.68 

2.42 

.32 

.68 

6 

•< 

7 

3.48 

.15 

.62 

3.47 

.15 

.62 

3.39 

.15 

.60 

3.34 

.20 

.59 

3.34 

.20 

.59 

8 

“ 

10 

4.69 

.04 

.28 

4.69 

.05 

.28 

4.69 

.06 

.29 

4.67 

.07 

.29 

4.67 

.08 

.29 

to 

1 

2.14 

.16 

.86 

2.10 

.19 

.84 

2.03 

.21 

.81 

2.00 

.24 

.80 

1.91 

.26 

.79 

4 

2.47 

.15 

.80 

2.45 

.15 

.80 

2.37 

.18 

.81 

2.33 

.21 

.79 

2.31 

.24 

.78 

6 

M 

7 

3.36 

.10 

.70 

3.33 

.10 

.69 

3.24 

.14 

.67 

3.19 

.14 

.71 

3.20 

.14 

.66 

8 

“ 

10 

4.69 

.03 

.31 

4.68 

.03 

.30 

4.67 

.04 

.32 

4.61 

.04 

.33 

4.54 

.65 

.33 

xk 

to 

1 

2.36 

.29 

.73 

2.32 

.31 

.69 

2.26 

.33 

.67 

2.22 

.39 

.62 

2.13 

.44 

.57 

2  65 

.24 

.67 

2.62 

.27 

.66 

2.58 

.31 

.61 

2.54 

.34 

.60 

2.48 

.40 

.55 

<5 

<« 

7 

3.42 

.15 

.56 

3.39 

.20 

.55 

3.33 

.20 

.49 

3.30 

.24 

.49 

3.23 

.29 

.48 

8 

“ 

10 

4.79 

.06 

.26 

4.76 

.07 

.25 

4.73 

.08 

.26 

4.70 

.10 

.25 

4.69 

.12 

.24 

to 

1 

2.26 

.27 

.77 

2.20 

.29 

.75 

2.14 

.32 

.73 

2.08 

.37 

.71 

2.00 

.41 

.65 

2  54 

.23 

.71 

2.51 

.26 

.71 

2.48 

.29 

.70 

2.42 

.32 

.68 

2.36 

.38 

.63 

6 

II 

7 

3.24 

.14 

.58 

3.17 

.19 

.56 

3.16 

.19 

.56 

3.10 

.23 

.55 

3.13 

.28 

.56 

8 

11 

10 

4.69 

.06 

.28 

4.69 

.07 

.28 

4.69 

.08 

.28 

4.67 

.09 

.28 

4.67 

.11 

.28 

to 

1 

2.14 

.22 

.82 

2.08 

.25 

.80 

2.01 

.27 

.77 

1.9S 

.29 

.76 

1.92 

.34 

.74 

2  46 

.22 

.76 

2.42 

.21 

.79 

2.34 

.24 

.76 

2.31 

.27 

.75 

2.22 

.33 

.72 

7 

3.14 

.14 

.65 

3.07 

.14 

.64 

3.02 

.18 

.63 

3.02 

.18 

.63 

2.98 

.22 

.62 

8 

•• 

10 

4.69 

.05 

.30 

4.68 

.06 

.30 

4.67 

.07 

.32 

4.61 

.08 

.31 

!  4.54 

.08 

.31 

to 

1 

2.23 

.33 

.72 

2.18 

.35 

.71 

2.12 

.41 

.69 

2.01 

.45 

.62 

|  1.95 

.49 

.58 

2  53 

.30 

.68 

2.49 

.33 

.66 

2.44 

.36 

.65 

2.42 

.43 

2.29 

.44 

.58 

,, 

7 

3.18 

.19 

.52 

3.12 

.23 

.51 

3.03 

.27 

.54 

2.97 

.31 

.48 

2.98 

•3o 

.49 

8 

“ 

10 

4.69 

.08 

.26 

4.69 

.10 

.27 

4.69 

.11 

.28 

4.67 

.12 

.28 

4.67 

.15 

.27 

to 

2  11 

.28 

.78 

2.05 

.30 

.76 

1.99 

.35 

.74 

1.91 

.40 

.71 

1.88 

.44 

.69 

.25 

.72 

2.39 

.28 

.74 

2.34 

.31 

.73 

2.24 

.36 

.70 

2.18 

.42 

.68 

7 

3.12 

.18 

.60 

3.11 

.23 

.60 

3.00 

.22 

.62 

2.94 

.26 

.61 

2.90 

.30 

.56 

8 

10 

4.69 

.08 

.29 

4.68 

.09 

.30 

4.67 

.10 

.30 

4.61 

.11 

.30 

I  4.54 

.13 

.30 

% 

to  1 

1.98 

.25 

24 

.79 

.76 

1.94 

2.28 

.29 

.27 

.77 

.78 

1.90 

2.21 

.34 

.30 

.79 

.75 

1.84 

2.12 

.35 

.31 

.74 

.72 

1.78 

2.06 

.40 

.37 

.71 

.67 

44 

3.00 

.18 

.62 

2.97 

.18 

.62 

2.96 

.22 

.66 

2.90 

.26 

.64 

2.77 

.29 

.62 

8 

“ 

10 

4.60 

.08 

.32 

4.54 

.08 

.32 

4.49 

.09 

.32 

4.44 

.10 

.32 

4.43 

.12 

.32 

20 


Structural  Materials  Research  Laboratory 


Calculation  of  Quantities  for  Conditions  Not  Covered 

by  Tables 


The  proportions  for  aggregate  sizes,  slumps  and  concrete  strengths 
not  given  in  the  tables,  but  falling  within  the  range  covered,  can,  in 
general,  be  computed  by  linear  interpolation.  In  other  words,  for  the 
narrow  range  between  adjacent  values,  a  straight-line  relation  may  be 
considered  to  exist  between  strength  and  size  of  aggregate,  slump,  and 
quantity  of  cement. 

The  following  examples  illustrate  the  methods  of  interpolation. 
All  proportions  are  in  terms  of  dry  and  rodded  volumes. 


Calculate  Proportions  for  2300-lb.  Concrete. 

Assume  slump  of  6  to  7  in.,  sand  0-No.  4,  coarse  aggregate  No.  4-1^4  in. 

Proportions  for  2000-lb.  concrete .  LI  7-34 

“  “  2500-lb.  “  . .1:1. 3:2,8 

Difference  . . . 0:0. 4:0.6 

2/5  difference  (to  be  added  to  2500-lb.) . 0:0.2 :0.2 

Proportions  for  2300-lb.  concrete . 1:1. 5:3.0 

The  same  result  will  be  obtained  by  subtracting  3/5  of  the  difference 
from  the  2000-lb.  proportions. 

Calculate  Proportions  for  5  to  6-in.  Slump. 

Assume  2500-lb.  concrete,  sand  0-No.  4  and  coarse  aggregate  No.  4-1*4  in. 

Proportions  for  3  to  4-in.  slump  (av.  3.5  in.) . 1:1. 8:3. 5 

6  to -7-in.  “  (av.  6.5  in.) . 1 :1.3 ^8 

Difference  . < .  0-05-07 

1/3  of  difference . ’  ’  ’  ’  ’  j  0 :0  2 :0  2 

difference  between  6  to  7-in.  and  5  to  6-in.  slump  is 
1/3  the  difference  between  6  to  7  in.  and  3  to  4  in.) 

Proportions  for  5  to  6-in.  slump  (av.  5.5  in.) . 1:1. 5:3.0 

Calculate  Proportions  for  y  to  2y2-in.  Aggregate. 

Assume  3000-lb.  concrete,  slump  3  to  4  in.,  and  sand  0-No.  4. 

Proportions  for  24-3- in.  aggregate . 1:1. 9:3. 6 

3A-2-in.  “  . !"l!!l:L9:3T 

Difference  .  0*0  0-0  5 

/4  of  difference  (to  be  added  to  24 -2-in.) .  0-00-02 

Pioportions  for  24'2*4-in.  aggregate . 1:19 *3  3 

Calculate  Proportions  for  No.  4  to  3-in.  Aggregate. 

Assume  3000-lb.  concrete,  slump  3  to  4  in.,  and  sand  0-No.  4. 

Differences 


Proportions  for  No.  4-  24-in 

“  No.  4-1  -in.._. 

„  “  No.  4-1 24-in . 

. 1:1. 4:2.5 

1 

| 

“  No.  4-£  -in . 

j 

Average  . 

Proportions  for  No.  4-2-in 

3.4 
n  c 

Average  difference . 

Proportions  for  No  4-3-in 

3.9 

-0.2:+0.5 

-0.0:+0.4 

-0.3:+0.5 


0:— 0.2  .-+0.5 
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APPENDIX  1 
Test  Methods 

When  proportioning  concrete  on  the  basis  of  these  tables,  the  sam¬ 
pling  of  aggregate,  the  determination  of  cleanness,  maximum  size  and 
bulking  due  to  moisture,  and  the  making  of  control  tests,  should  be 
done  in  accordance  with  standard  methods.  The  principal  features  of 
the  methods  to  be  followed  are  described  below. 

Standard  methods  of  the  A.S.T.M.  are  given  wherever  applicable. 

Sampling  of  Aggregates— In  selecting  samples  of  aggregate  for  test 
it  is  of  utmost  importance  that  the  samples  be  representative.  Samples 
for  sieve  analysis  may  be  selected  by  “quartering”  or  by  the  use  of  a 
sampler.  For  fine  aggregate,  a  sample  of  500  grams  (about  1  lb.)  or 
more  should  be  used.  The  weight  in  grams  of  the  coarse  aggregate 
sample  should  be  not  less  than  3000  times  the  maximum  size  of  particle 
measured  in  inches. 

Cleanness  of  Aggregates — The  “colorimetric  test”  for  organic 
impurities  in  sands8 9  may  be  made  by  thoroughly  shaking  a  sample  in 
a  3%  solution  of  sodium  hydroxide,  allowing  it  to  stand  for  24  hours, 
and  observing  the  color  of  the  liquid.  A  dark  color  indicates  the 
presence  of  such  quantities  of  organic  impurities  that  the  sand  should 
be  rejected  unless  mortar  strength  tests  show  it  to  be  satisfactory. 

Silt  may  be  determined  in  accordance  with  the  “Tentative  Method 
of  Decantation  Test  for  Sand  and  Other  Fine  Aggregates”  of  the 
A.S.T.M.  In  general,  fine  aggregate  should  not  contain  more  than  3% 
of  silt  by  weight  (about  5%  by  volume). 

The  quantity  of  shale  in  coarse  aggregates  may  be  determined  by 
the  method  of  flotation  on  zinc  chloride.  For  sands,  the  most  accurate 
method  is  to  sort  the  shale  particles  by  hand.0 

Size  of  Aggregate— The  size  to  be  assigned  to  an  aggregate  is 
determined  from  the  sieve  analysis  by  applying  the  following  rules : 

1.  15%  or  more  shall  be  retained  on  the  sieve  next  smaller  than 
that  considered  the  maximum  size.10 

8See  “Abrams-Harder  Field  Test  for  Organic  Impurities  in  Sands,”  Proc.  Am.  Soc. 
Testing  Mat  1919;  Part  I,  “Standard  Method  of  Test  for  Organic  Impurities  in  Sands  for 
Concrete”  (Serial  Designation  C40-22),  Am.  Soc.  Testing  Mat.  Standards,  1924. 

9See  “Tentative  Standard  Methods  of  Sampling  and  Testing  Highway  Materials,”  Bull. 
1216,  U.  S.  Dept,  of  Agriculture,  1924,  for  a  method  of  determining  the  amount  of  shale  in 
aggregate. 

10A  graded  sand  with  16%  retained  on  the  No.  8  sieve  would  fall  in  the  0-No.  4  size; 
if  14%  or  less  were  retained,  the  sand  would  fall  in  the  0-No.  8  size.  A  coarse  aggregate 
having  16%  coarser  than  the  2-in.  sieve  and  less  than  15%  coarser  than  the  3-m.  sieve  would 
be  considered  as  3-in.  aggregate. 
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2.  Not  more  than  15%  of  a  given  coarse  aggregate  shall  be 

finer  than  the  sieve  considered  as  the  minimum  size. 

3.  Only  the  sieve  sizes  given  in  the  following  table  shall  be  con¬ 

sidered  in  applying  Rules  1  and  2. 

Sieve  Analysis  of  Aggregate — The  sieve  analysis  should  be  made 
in  accordance  with  the  “Tentative  Method  of  Test  for  Sieve  Analysis 
of  Aggregate  for  Concrete”  of  the  A.S.T.M.  The  test  is  made  by 
determining  the  cumulative  percentages  coarser  than  each  of  the 
following  sieves : 


Sieves  for  Aggregate  Tests 

Square-mesh,  woven-wire  sieves  may  be  obtained  from  The  W.  S.  Tyler  Co.,  Cleveland, 
Ohio. 


Sieve  Number 
or  Size 

Size  of  Clear  Opening 

Inches 

100 

0.0059 

50* 

0.0117 

30* 

0.0232 

16* 

0.0469 

8 

0.094 

4 

0.187 

f6-in. 

0.375 

m. 

0.75 

1  -in.f 

1.00 

1)4 -in. 

1.50 

2  -in.f 

2.00 

3  -in. 

3.00 

*Sieves  No.  50,  30  and  16  are  identical  with  No.  48,  28  and  14  used  in  earlier  reports 
of  this  Laboratory. 

tThe  1-  and  2-in.  sieves  are  “half-size”  sieves  and  are  not  used  in  calculating  the  fineness 
modulus  of  aggregates.  The  fineness  modulus  (used  as  a  measure  of  the  size  and  grading 
of  an  aggregate)  is  the  summation  of  the  percentages  in  the  sieve  analysis  when  expressed 
as  cumulative  percentages  coarser  than  each  sieve,  divided  by  100.  (See  Bulletin  1 — “Design 
of  Concrete  Mixtures-.”)  i 


It  will  be  noted  that,  if  the  half  sizes  are  omitted,  each  sieve  has  a 
clear  opening  double  that  of  the  next  smaller. 

Field  tests  may  be  made  with  sufficient  accuracy  by  using  alternate 
sieves  in  the  standard  set;  the  50,  16,  4  and  ^4-in.  sieves  have  been 
found  convenient  for  this  purpose.  The  percentages  for  the  omitted 
sieves  may  be  determined  by  interpolation,  after  plotting  a  sieve 
analysis  curve. 

Moisture  Content  and  Bulking — The  moisture  content  and  bulking 
of  an  aggregate  may  be  determined  as  follows:  Fill  a  convenient 
measure  having  vertical  sides  with  the  aggregate  in  such  a  way  that  job 
conditions  are  duplicated  as  nearly  as  practicable,  strike  off  and  weigh. 
Dry  and  weigh  the  entire  sample.  Replace  the  dried  sample  in  the 
vessel  in  three  layers,  rodding  each  layer  25  to  30  times  with  a  ^-in. 
round  rod  pointed  at  the  lower  end,  level  and  measure  the  depth  of 
aggregate  in  vessel.  I  he  percentage  of  bulking  and  moisture  content 
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may  now  be  calculated.  Suppose  a  vessel  11  in.  deep  holds  18  lb.  of 

moist  sand  and  that  on  drying  and  rodding,  the  sand  weighs  17  lb. 
and  fills  the  vessel  to  a  depth  of  8^4  in. 

18-17  1 

The  moisture  content  is  — ^  =  jy  =  0.059  =5.9% 

The  bulking  of  the  sand  is  ^  -  —  g  75  =  0  26  =26%. 

The  troublesome  effects  of  the  bulking  of  sands  due  to  moisture 
may  be  eliminated  by  measurement  inundated  with  water.11 

Slump  Test — The  slump  is  the  change  in  height,  upon  removal  of 
the  form,  of  a  truncated  cone  of  freshly-deposited  concrete  having  a 
height  of  12  in.,  top  diameter  4  in.,  and  bottom  diameter  8  in.  The 
newly-mixed  concrete  is  lightly  tamped  into  the  mold  in  three  layers 
using  a  metal  rod  £4  in-  in  diameter.  After  filling,  the  mold  is  imme¬ 
diately  removed  and  the  slump  or  settlement  of  the  concrete  measured. 
(See  A.S.T.M.  “Standard  Method  of  Test  for  Consistency  of  Port- 
land-Cement  Concrete.”) 

Flow  Test — The  apparatus12  for  making  the  flow  test  for  plasticity 
or  workability  consists  of  a  metal  table  attached  to  a  base  in  such  a 
way  that  it  can  be  raised  by  means  of  a  cam  and  dropped  by  gravity. 

The  concrete  is  molded  into  a  truncated  cone  5  in.  high,  top  diameter 

in.,  and  bottom  diameter  10  in.  The  test  is  made  by  placing  the 
mold  on  the  metal  table  of  the  machine  and  lightly  puddling  the  freshly- 
mixed  concrete  into  place  with  a  f^-in.  round  hard  rubber  rod.13  After 
being  filled,  the  mold  is  immediately  withdrawn  and  the  table  raised  and 
dropped  y2  in.  15  times  in  about  10  seconds.  The  base  diameter  of  the 
mass  of  concrete  after  test,  expressed  as  a  percentage  of  the  original 
base  diameter  is  the  “flow.” 

Comparison  of  Slump  and  Flow — For  average  conditions  concrete 
having  a  slump  of  3  to  4  in.  requires  about  10%  more  water  than  one 

having  a  slump  of  J4  to  1  in.;  6  to  7  in.,  25%  more;  and  8  to  10  in., 

50%  more  than  for  >4  to  1-in.  slump.  Concrete  having  a  slump  of 
>4  to  1  in.  will  give  a  flow  of  about  140  to  160;  3  to  4-in.  slump,  a  flow 
of  180  to  200  ;  6  to  7-in.  slump,  a  flow  of  210  to  230;  8  to  10-in.  slump, 
a  flow  of  230  to  250. 

“See  “Method  for  Measuring  Sands  in  Inundated  Condition,”  by  R.  L.  Berlin;  Proc. 
Am.  Soc.  Testing  Mat.,  v.  22,  1922,  p.  404.  “Inundation  Methods  for  Measurements  of  Sand 
in  Making  Concrete,”  by  Smith  and  Slater;  Proc.  Am.  Concrete  Inst.,  v.  19,  1923,  p.  222. 
“Applying  the  Inundation  Method  to  Control  Moisture  Content,”  by  A.  A.  Levison;  Proc. 
Am.  Concrete  Institute,  1925. 

12A  hard  rubber  or  wooden  rod  is  used  in  order  to  avoid  marring  the  smooth  top  of 
the  bronze  or  brass  table. 

“One  design  of  the  flow  table  is  described  in  Proc.  Am.  Soc.  Testing  Mat.,  v.  20, 
Part  II,  1920,  p.  242  and  in  Concrete,  June,  1920,  p.  274. 
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Sampling  Concrete — Samples  of  concrete  for  use  in  molding  test 
specimens  in  the  field  should  be  taken  at  the  mixer,  at  the  ends  of 
chutes,  etc.,  or  immediately  after  it  has  been  placed  in  the  work.  The 
concrete  for  each  specimen  should  be  taken  from  one  place,  and  a 
sufficient  number  of  samples  taken  at  different  places  to  give  an  aver¬ 
age  of  the  concrete  placed  in  that  part  of  the  work. 

Molding  Concrete  Specimens  for  Compression  Test — The  speci¬ 
mens  should  be  made  in  cylindrical  metal  forms  having  height  equal  to 
twice  the  diameter  (usually  6  by  12  in.).  The  concrete  should  be  pud¬ 
dled  into  the  molds  in  three  equal  layers  by  means  of  a  ^-in.  round 
rod  pointed  at  the  lower  end.  The  specimens  should  be  set  squarely  on 
a  level  base,  and  the  tops  should  be  finished  smooth. 

Capping — The  ends  of  the  test  cylinders  should  be  plane  and  as 
near  parallel  as  practicable,  to  insure  an  equal  distribution  of  the  load 
over  the  section.  Following  are  two  methods  of  capping : 

a.  Capped  when  molded — Mold  the  cylinders  on  machined  metal 
plates  and  cap  the  tops  with  retempered  neat  cement  paste  4  to  5 
hours  later.  The  tops  should  be  made  plane  by  means  of  plate  glass 
or  a  machined  metal  plate.  The  purpose  of  retempering  the  cement 
is  to  minimize  volume  changes  during  setting. 

b.  Capped  at  time  of  test — Cap  both  ends  of  the  cylinder  with  a 
thin  layer  of  paste  made  up  of  a  mixture  of  equal  parts  of  portland 
cement  and  plaster  of  paris.  The  caps  should  be  made  plane  by 
means  of  plate  glass  or  a  machined  metal  surface.  The  caps  should 
be  allowed  to  harden  4  hours  or  more  before  the  cylinders  are 
tested. 

Curing  Test  Cylinders — About  48  hours  after  molding,  the  concrete 
cylinders  should  be  removed  from  the  forms  and  cured  in  a  moist  place 
at  a  temperature  of  about  65  to  75°  F.  Field  specimens  should  be 
shipped  to  the  laboratory  about  10  days  prior  to  test  and  again  cured  in 
a  moist  place.  The  specimens  should  be  kept  moist  during  shipment. 

Age  at  Test — In  general,  the  specimens  should  be  tested  in  a  damp 
condition  at  the  age  of  28  days.  If  tests  at  other  ages  are  desired,  3 
and  7  days,  3  months  and  1  year  are  recommended. 

Testing — A  bearing  block  with  a  spherical  socket  should  be  used  on 
top  of  the  cylinders. 

Laboratory  Tests  of  Concrete — Concrete  tests  carried  out  for  the 
determination  of  proportions  to  be  used  in  the  work  should  be  made  in 
accordance  with  “Tentative  Methods  of  Making  Compression  Tests  of 
Concrete’’  of  the  A.S.T.M.  Most  of  the  tests  are  described  above. 
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APPENDIX  2 
Field  Tests  of  Concrete 

Since  the  development  of  accurate  methods  for  designing  concrete 
proportions  and  the  standardization  of  test  methods,  considerable  inter¬ 
est  has  been  displayed  by  engineers  and  builders  in  the  application  of 
these  methods  to  field  work.  The  work  of  the  Hydro-Electric  Power 
j  Commission  of  Ontario,14  the  design  of  the  concrete  proportions  for 
\  a  large  reinforced  concrete  bridge  constructed  at  Sidney,  Ohio,  by  the 
Big  Four  Railroad15  and  the  control  of  the  concrete  for  Becks  Run 
Bridge  at  Pittsburgh  by  the  Pennsylvania  Railroad,16  are  three  of  sev¬ 
eral  striking  examples  of  the  present-day  trend  toward  making  concrete 
of  known  strength. 

Tests  were  made  in  1923  during  construction  on  7  reinforced  con¬ 
crete  jobs  in  the  vicinity  of  New  York  City  and  Philadelphia17  for  the 
purpose  of  determining  the  feasibility  of  specifying  concrete  on  the 
basis  of  strength.  These  tests  were  made  through  the  cooperation  of 
the  Joint  Committee  on  Standard  Specifications  for  Concrete  and 
Reinforced  Concrete,  the  U.  S.  Bureau  of  Standards,  the  Associated 
General  Contractors,  the  New  York  Group  of  Contractors,  and 
this  Laboratory.  The  tests  showed  that  it  is  feasible  to  produce  con¬ 
crete  of  specified  strength  if  careful  control  is  exercised  and  if 
reasonable  tolerances  are  permitted.  Of  the  several  hundred  6  by 
12-in.  concrete  cylinders  tested,  about  90  per  cent  gave  strengths 
greater  than  80  per  cent  of  the  average ;  the  averages  for  the  different 
jobs  were  generally  within  10  to  15  per  cent  of  the  predicted  strength 
(usually  higher). 

One  of  the  most  important  results  of  the  growing  practice  of  con¬ 
trolling  the  quality  of  concrete  by  tests  has  been  the  impetus  given  to 
the  development  of  better  equipment  for  measuring  aggregates.  Batch 

“Proportioning  Concrete  on  Job  by  Exact  Methods,  by  Young  and  McCarthy;  Eng. 
News-Record,  March  17,  1921.  New  methods  for  Proportioning  Concrete,  by  Young  and 
McCarthy;  Canadian  Eng.,  v.  9,  p.  263,  1922. 

“Old  and  New  Methods  of  Constructing  Concrete  Bridges,  by  J.  B.  Hunley;  Proc.  Am. 
Concrete  Inst.,  1924;  Eng.  and  Contr.,  March  26,  April  23  and  May  28,  1924. 

“Design  of  Concrete  Mixtures  under  Field  Conditions,  by  T.  P.  Watson;  Proc.  Am. 
Concrete  Inst.,  v.  21,  1925. 

“Field  Tests  of  Concrete  Used  on  Construction  Work,  by  Slater  and  Walker;  Proc.  Am. 
Concrete  Inst.,  v.  20,  1924,  p.  420.  Field  Tests  of  Concrete,  by  Ahlers  and  Walker;  Proc. 
Am.  Concrete  Inst.,  v.  20,  1924,  p.  358.  Report  to  Joint  Committee  on  Field  Tests  of 
Concrete  Used  on  Construction  Work,  by  Slater  and  Walker;  Proc.  Am.  Soc.  Civil  Eng., 
January,  1925. 
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hoppers  provided  with  "strike-off”  gates,  the  "inundator”18  and  scales10 
for  weighing  aggregates,  illustrate  the  trend  in  the  direction  of  more 
accurate  measurements. 

Hoppers  provided  with  strike-off  gates  have  been  in  use  in  one 
form  or  another  for  several  years.  They  may  be  set  to  furnish  accu¬ 
rately  measured  volumes,  and  add  greatly  to  the  uniformity  of  the 
concrete  if  proper  corrections  are  made  for  bulking  of  aggregates. 

The  “inundator”  is  a  device  for  measuring  sand  saturated  with 
water.  This  method  eliminates  the  bulking  due  to  moisture  and  loose 
measurement. 

In  recent  years,  concrete  has  been  successfully  proportioned  by 
weight  on  a  number  of  important  jobs.  The  advantages  of  this  method 
in  maintaining  uniformity  of  proportions  are  obvious. 

If  the  sand  is  measured  by  weight,  5  per  cent  of  moisture  introduces 
a  maximum  error  of  5  per  cent  in  the  quantity  of  material;  if  the  meas¬ 
urements  are  made  by  volume  the  error  may  be  5  times  this  amount,  if 
no  correction  is  made  for  bulking.  It  should  be  pointed  out,  however, 
that  satisfactory  accuracy  can  be  maintained  by  the  use  of  volumetric 
measurements,  if  the  equipment  is  properly  used  and  corrections  are 
made  for  bulking  due  to  moisture  and  loose  measurement. 

18See  footnote  11,  page  23. 

19Weighing  Aggregates  for  Concrete  Highway  Pavement,  by  R.  W.  Crum;  Proc.  Am 
Concrete  Inst.,  1924.  Experiences  of  Iowa  Highway  Commission;  Eng.  and  Contr.,  v.  61, 
p.  730,  April  2,  1924. 
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FOREWORD 


This  paper  was  originally  published  in  the  copyrighted  Proceedings 
of  the  American  Society  for  Testing  Materials,  Vol.  21,  1921.  The 
discussions  which  appear  in  the  Proceedings  have  been  omitted ;  a 
summary  has  been  added  which  was  omitted  in  the  original  publication. 

Acknowledgment  is  made  to  the  Society  for  permission  to  reprint 
the  paper  in  bulletin  form. 

The  results  of  certain  wear  tests  of  concrete  made  in  this  Labora¬ 
tory  have  already  been  published  in  the  following  papers : 

A  Method  of  Making  Wear  Tests  of  Concrete;  Proc.  Am.  Soc. 
Testing  Mats.,  Part  2,  1916. 

Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete ; 
Proc.  Am.  Concrete  Inst.,  1918. 

Effect  of  Curing  Condition  on  the  Wear  and  Strength  of  Concrete; 
Proc.  Am.  Railway  Eng.  Assn.,  Vol.  20,  1919;  reprinted 
as  Bulletin  2  of  this  Laboratory. 

Effect  of  Hydrated  Lime  and  Other  Powdered  Admixtures  in 
Concrete;  Proc.  Am.  Soc.  Testing  Mats.,  Part  2,  1920;  re¬ 
printed  as  Bulletin  8  of  this  Laboratory. 

Some  of  the  most  significant  results  from  wear  tests  of  concrete 
published  in  the  foregoing  reports  are  repeated  in  this  Bulletin ;  the 
reader  should,  however,  refer  to  the  original  publication  if  further 
details  are  desired. 

The  details  of  tests  in  Series  98,  129,  134,  135  and  145  will  be 
published  in  later  reports. 

In  issuing  the  second  printing,  no  changes  have  been  made  in  the 
text,  tables  or  figures. 


WEAR  TESTS  OF  CONCRETE 

By  Duff  A.  Abrams 


Introduction 

The  wide-spread  use  of  concrete  in  the  construction  of  roads, 
pavements  and  floors  is  one  of  the  notable  features  of  recent  develop¬ 
ments  in  this  field. 

During  the  past  six  years  the  Structural  Materials  Research 
Laboratory,  Lewis  Institute,  Chicago,  has  carried  out  eleven  different 
series  of  tests  on  the  wear  of  concrete  as  affected  by  the  following 
factors : 

1.  Method  of  conducting  the  test; 

2.  Quantity  of  mixing  water; 

3.  Quantity  of  cement; 

4.  Grading  of  aggregate; 

5.  Grading  of  coarse  aggregate ; 

6.  Comparison  of  different  fine  aggregates ; 

7.  Comparison  of  different  coarse  aggregates ; 

8.  Hydrated  lime  and  other  powdered  admixtures; 

9.  Relation  of  compressive  strength  to  wear; 

10.  Age  of  concrete ; 

11.  Time  of  mixing  concrete; 

12.  Curing  condition  of  concrete. 

Wear  tests  were  made  in  the  Talbot-Jones  rattler.  The  history 
of  the  development  of  the  present  wear  tests  and  a  brief  bibliography 
were  given  in  earlier  papers.1  These  investigations  include  tests 
of  about  10,000  wear  blocks  and  probably  as  many  compression  tests 
of  concrete  cylinders.  The  wear  was  measured  by  the  thickness  of 
concrete  removed  during  the  test ;  a  low  wear  corresponds  to  a  high 
resistance  to  wear. 

Outline  of  Tests. 

In  this  paper  principal  consideration  is  given  to  the  results  of 
wear  tests  of  concrete;  it  should  be  noted,  however,  that  in  practically 
all  instances  parallel  compression  tests  were  made.  Concrete  was 


1  See  “A  Method  of  Making  Wear  Tests  of  Concrete,”  Proceedings,  Am.  Soc.  Testing  Mats.,  Vol. 
16,  Part  2  (1916);  also  "Effect  of  Curing  Condition  on  the  Wear  and'  Strength  of  Concrete,"  Proc., 
Am.  Railway  Eng.  Assn.,  Vol.  20  (1919),  reprinted  as  Bulletin  2  of  this  Laboratory. 
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hand-mixed  except  in  Series  89.  The  general  features  of  each  series 
are  given  below : 

Series  45. — Studies  of  the  method  of  making  wear  tests  of  concrete 
by  means  of  the  Talbot-Jones  rattler;  about  130  tests.  These  tests 
furnished  the  basis  for  our  paper  on  “A  Method  of  Making  Wear 
Tests”  referred  to  above. 

Series  75. — A  study  of  the  effect  of  curing  condition  on  the 
strength  and  wear  of  concrete;  1:4  mixture  of  sand  with  pebbles 
and  crushed  limestone  as  coarse  aggregate.  Tested  at  age  of  3  months 
after  storing  for  various  periods  in  damp  sand  followed  by  air  curing. 
Three  hundred  wear  blocks.  Details  of  tests  were  published  in  Pro¬ 
ceedings,  Am.  Ry.  Eng.  Assn.,  1919,  and  reprinted  as  Bulletin  2  of 
this  Laboratory. 

Series  89. — An  investigation  of  the  effect  of  time  of  machine 
mixing  on  the  wear  and  strength  of  concrete ;  mix  1 :4  with  concrete 
of  different  consistencies  and  ages.  About  200  wear  blocks  were 
tested.  Details  of  tests  were  published  in  Proceedings,  Am.  Concrete 
Institute,  1918,  p.  43. 

Series  98. — A  study  of  the  size  and  grading  of  aggregate,  kind 
of  aggregate  and  quantity  of  cement  on  the  wear  and  strength  of  con¬ 
crete.  The  major  portion  of  the  tests  was  made  on  a  1:4  mixture 
using  sand  and  pebbles.  Tests  were  also  made  on  (a)  concrete  from 
crushed  limestone,  granite  and  blast-furnace  slag,  as  coarse  aggregate ; 
( b )  1:4  mix  using  pebbles  of  21  different  gradings;  ( c )  9  different 
mixtures  ranging  from  1 :6  to  neat  cement,  using  a  single  grading 
of  each  of  the  four  aggregates  named  above;  ( d )  wear  tests  on  concrete 
made  of  both  limestone  and  pebbles,  at  ages  ranging  from  21  days 
to  6  months.  A  total  of  1780  wear  blocks  were  tested  in  this  series. 

Series  114. — This  series  comprised  primarily  a  study  of  the  effect 
of  hydrated  lime  on  the  strength  of  concrete  for  a  wide  range  of 
mixtures,  consistencies,  ages  and  curing  conditions.  Wear  tests  were 
also  made  on  1 :4  concrete,  relative  consistency  1.10,  and  for  10  differ¬ 
ent  gradings  of  sand  and  pebble  aggregate.  Three  hundred  wear 
blocks  were  tested.  For  details  see  Proceedings,  Am.  Soc.  Test.  Mats., 
Vol.  20.  Part  2,  p.  1731  (1920); 

Series  129. — An  investigation  of  the  effect  of  variations  in  the 
rattler  charge  on  wear  of  concrete;  The  total  weight  and  the  relative 
proportions  of  cast-iron  balls  of  three  different  diameters  were  varied 
over  a  wide  range ;  790  wear  blocks  were  tested. 

Series  130. — The  major  portion  of  this  series  was  a  study  of  the 
effect  of  hydrated  lime  and  various  other  powdered  admixtures  on 


*  Reprinted  as  Bulletin  8  of  this  Laboratory. 


Fig.  1. — Talbot-Jones  Rattler. 

Concrete  wear  blocks  8  by  8  by  5  in.  in  place  ready  for  closing  test  chamber.  Machine  has  two 
heads  so  that  duplicate  tests  can  be  made  in  same  run. 
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the  strength  of  concrete.  Wear  tests  were  also  made  on  mixtures 
ranging  from  1  to  1 :2 V2,  using  hydrated  lime  and  five  other  pow¬ 
dered  materials  in  varying  quantities  up  to  33  per  cent  of  the  volume 
of  cement;  500  wear  blocks.  Details  were  reported  in  Proceedings, 
Am.  Soc.  Test.  Mats.,  Vol.  20,  Part  2,  p.  1761  (1920). 

Series  133. — Preliminary  investigations  of  the  concrete-making 
properties  of  several  lots  of  fine  and  coarse  aggregates;  150  wear 
tests.  These  were  routine  tests  to  bring  out  the  relative  merits  of 
different  aggregates. 


Series  134. — An  investigation  of  the  strength  and  wearing  prop¬ 
erties  of  concrete  mixtures  suitable  for  the  wearing  surface  of  con¬ 
crete  floors.  The  influence  of  size  and  grading  of  the  aggregate, 
type  of  aggregate,  cement  and  water  content,  and  curing  conditions 
were  investigated.  Tests  were  made  at  age  of  3  months.  About  2800 
wear  blocks  were  tested. 

Series  135. — An  investigation  of  the  concrete-making  properties 
as  determined  by  strength  and  wear  of  concrete  from  about  150 


1  Reprinted  as  Bulletin  8  of  this  Laboratory. 
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different  samples  of  coarse  aggregates  collected  from  widely  scattered 
sources.  These  materials  included  28  samples  of  pebbles,  35  crushed 
limestones,  15  crushed  granites,  11  traps,  13  sandstones,  24  blast¬ 
furnace  slags  and  45  miscellaneous  samples.  The  coarse  aggregates 
were  separated  into  three  sizes  and  recombined  to  one  of  three  differ¬ 
ent  gradings.  The  same  sand  and  cement,  and  concrete  of  the  same 
plasticity  was  used  with  each  coarse  aggregate.  This  series  consisted 
of  tests  of  about  1400  wear  blocks  and  several  thousand  compression 
and  miscellaneous  tests.  Details  of  this  series  are  not  given  in  this 
report;  however,  a  summary  of  the  principal  tests  made  with  coarse 
aggregates  of  “Grading  A”  is  given  in  Table  1. 

Table  1. — Wear  and  Compression  Tests  of  Concrete  Made  From 
Miscellaneous  Coarse  Aggregates. 

Wear  testa  of  8  by  8  by  5-ln.  concrete  blocks  made  in  Talbot-Jones  rattler. 

Compression  tests  of  6  by  12-in.  cylinders. 

Mix  1  :  4  by  volume  of  mixed  aggregate;  approximately  same  as  1  :  2  ;  3  mix. 

Relative  consistency  1.10;  about  the  same  as  should  be  used  in  the  construction  of  concrete  roads  to  be 
finished  by  hand. 

Hand-mixed  concrete;  one  specimen  to  a  batch. 

Cement:  a  mixture  of  five  brands  of  Portland  cement  purchased  in  Chicago. 

Sand  from  Elgin,  Ill.,  graded  0  to  No.  4,  used  as  fine  aggregate  in  all  tests. 

Each  coarse  aggregate  was  screened  and  recombined  to  the  following  grading:  No.  4  to  %-in.,  25  per 
cent,  %  to  %-ln..  50  per  cent,  %  to  1%-ln.,  25  per  cent  by  volume. 

For  each  aggregate  sample,  the  value  for  wear  was  the  average  of  10  tests  and  for  strength.  5  tests, 
made  on  5  different  days. 

Specimens  stored  in  damp  condition  14  days,  then  in  air  until  tested  at  age  of  3  months. 


Coarse  Aggregate 

Concrete  Tests* 

(3  months). 

Kind. 

Number 

of 

Samples 

Tested. 

Unit 
weight, 
lb.  per 
cu  ft. 

Apparent 

Specific 

Gravity. 

Absorption 
at  3  hr., 
per  cent  by 
weight. 

Compressive 
Strength, 
lb.  per 
sq.  In. 

Depth 
of  Wear, 
In. 

24 

102 

2.56 

1.17 

4330 

0.51 

26 

91 

2.59 

1.14 

4560 

0.44 

12 

92 

2.59 

0.32 

4360 

0.34 

6 

95 

2.85 

0.12 

4210 

0.40 

7 

86 

2.34 

3.94 

4470 

0.45 

13 

88 

2.34 

2.20 

4240 

0.48 

2 

S3 

2.43 

4850 

0.46 

1 

96 

2.69 

0.39 

4620 

0.42 

1 

90 

2.62 

2.50 

5350 

0.40 

1 

47 

1.27 

27.50 

1960 

0.06 

1 

70 

1.92 

4.55 

5390 

0.43 

2 

88 

2.22 

8.20 

5160 

0.37 

1 

40 

1.51 

8.70 

3000 

0.85 

‘Strength  tests  were  also  made  at  ages  of  7  and  28  days,  and  1  year  on  many  of  the  aggregates. 


Series  145 — An  Investigation  of  the  concrete  and  mortar-making 
qualities  of  about  200  fine  aggregates  as  determined  by  strength  and 
wear  tests  of  concrete.  In  collecting  these  samples  special  care  was 
taken  to  secure  materials  of  inferior  quality  or  of  unusual  character¬ 
istics.  The  same  coarse  aggregate  (pebbles)  and  the  same  quantity 
of  cement  and  the  same  relative  consistency  were  used  throughout. 
This  series  consisted  of  about  1500  wear  blocks  as  well  as  several 
thousand  compression  tests  of  concrete  cylinders,  etc.  Details  of 
this  series  are  not  given  in  this  report. 
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Materials,  Test  Pieces  and  Methods  of  Testing. 

The  cement  used  consisted  of  equal  parts  of  four  or  five  brands 
of  portland  cement  purchased  in  Chicago.  In  general  the  aggregates 
were  sand  and  pebbles  of  limestone  origin  from  the  Elgin,  Ill.,  pit  of  the 
Chicago  Gravel  Co.  In  a  number  of  the  tests  artificial  gradings  of 
these  materials  were  used  in  studying  the  effect  of  size  and  grading  of 
aggregates.  In  certain  series  aggregate  from  widely  scattered  sources 
were  used.  All  concrete  was  mixed  with  water  from  Lake  Michigan. 


Water,  Ratio  to  Volume  of  Cement. 

Fig.  2. — Effect  of  Quantity  of  Mixing  Water  on  Wear  and  Strength  of  Concrete. 

(Series  75.) 

Wear  testa  of  8  by  8  by  5-in.  blocks  and  compression  tests  of  6  by  12-in.  cylinders. 

Hand-mixed  concrete. 

In  general  the  aggregate  was  sand  and  pebbles,  graded  up  to  1  %  in.  For  one  curing  condition 
crushed  limestone  was  also  used  as  coarse  aggregate. 

Tests  for  4  curing  conditions  were  averaged.  Each  value  for  wear  is  average  of  5  0  tests,  for 
strength  20  tests. 

Age  at  test,  4  months. 

Reproduced  from  “Effect  of  Curing  Condition  on  the  Wear  and  Strength  of  Concrete,”  by  Duff  A 
Abrams.  Proceedings,  Am.  Ry.  Eng.  Assn.,  Vol.  20  (1919);  reprinted  as  Bulletin  2  of  this 
Laboratory. 

In  this  paper  concrete  mixtures  are  expressed  as  one  volume  of 
cement  to  a  given  number  of  volumes  of  aggregate  mixed  as  used; 
94  lb.  of  cement  was  considered  to  be  1  cu.  ft.  A  1  :  4  mix  with  aggre¬ 
gates  graded  up  to  l1/^  in.  was  most  frequently  used;  this  corresponds 
closely  to  1  :  2  :  3  or  1  :  l1/^  •  3  mixtures  commonly  specified  for  one- 
course  concrete  road  construction. 
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The  quantity  of  mixing  water  is  generally  expressed  in  terms 
of  the  “relative  consistency”  of  the  concrete.  A  relative  consistency 
of  1.00  requires  such  a  quantity  of  water  that  a  freshly  molded 
truncated  cone  4  in.  in  diameter  at  top,  8  in.  at  bottom  and  12  in. 
high  will  slump  %  to  1  in.  upon  removal  of  the  form  by  a  steady 
upward  pull.  A  relative  consistency  of  1.10  indicates  the  use  of  10 
per  cent  more  water  than  required  for  a  relative  consistency  of  1.00. 
The  quantity  of  mixing  water  is  also  expressed  by  the  “water-ratio,” 
or  the  ratio  of  volume  of  water  to  volume  of  cement  in  the  batch. 


Fig.  3. — Effect  of  Quantity  of  Mixing  Water  on  Wear  of  Concrete. 

(Series  89.) 

Aggregate:  sand  and  pebbles  graded  up  to  1  %  in. 

Machine-mixed  concrete.  Each  value  is  average  of  30  tests  from  6  mixing  periods  ranging  from 
15  seconds  to  1 0  minutes. 

Specimens  stored  in  damp  sand  until  2  days  prior  to  testing  at  age  of  2  months. 

Reproduced  from  "Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete,"  by  Duff  A. 
Abrams.  Proceedings,  Am.  Concrete  Inst.,  1918,  p.  38. 

The  “fineness  modulus”  is  used  as  a  measure  of  the  size  and 
grading  of  the  aggregate.  This  value  is  the  sum  of  the  percentages 
in  the  sieve  analysis  divided  by  100,  when  the  sieve  analyses  are  ex¬ 
pressed  as  percentages  coarser  than  each  sieve.1  A  high  value  of  fine¬ 
ness  modulus  represents  a  coarse  aggregate  and  a  low  value  a  fine 
aggregate.2 


1  See  Standard  Method  of  Test  for  Sieve  Analysis  of  Aggregates  for  Concrete  (Serial  Designation: 
C  -4 1  —  24)  of  the  American  Society  for  Testing  Materials,  Standards,  1924,  p.  767. 

2  For  a  discussion  of  the  relation  of  water-ratio  and  fineness  modulus  to  the  strength  of  concrete 
see  "Design  of  Concrete  Mixtures.”  by  Duff  A.  Abrams,  Bulletin  !,  Structural  Materials  Research 
Laboratory. 
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Wear  tests  were  made  on  concrete  blocks  8  in.  square  and  5  in. 
thick.  In  general,  each  wear  block  or  cylinder  was  made  from  a 
separate  batch  of  concrete  mixed  by  hand  in  a  shallow  metal  pan ; 
in  Series  89  machine-mixed  concrete  was  used.  Wear  blocks  were 
molded  in  metal  forms  which  were  set  on  a  sheet  of  building  paper 
placed  directly  on  the  concrete  floor.  The  forms  were  filled  with 


Fig.  4.— Effect  of  Quantity  of  Cement  on  Wear  and  Strength  of  Concrete. 

(Series  98.) 

.  Hand-mixed  concrete:  relative  consistency  1.10. 

Each  value  for  wear  is  average  of  10  tests;  for  strength  2  tests. 

Specimens  stored  in  damp  sand  14  days;  remainder  in  air. 

Age  at  test,  3  months. 


concrete  and  puddled  about  25  times  with  a  ^-in.  round  steel  rod 
pointed  at  the  lower  end.  More  concrete  was  then  placed  on  the 
top  and  leveled  off  with  a  trowel.  After  about  2  hours  the  tops  of 
the  blocks  were  finished  by  hand  with  a  wood  float.  The  blocks 
were  allowed  to  remain  in  the  forms  over  night;  during  this  period 
the  tops  were  covered  with  damp  cloths  or  building  paper  and  damp 
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sand.  Upon  removal  of  the  forms  the  blocks  were  stored  14  days 
in  damp  sand  or  in  a  moist  room  and  the  remainder  in  the  open  air 
of  the  laboratory.  Tests  were  generally  made  at  the  age  of  3  months; 
variations  in  the  method  of  storage  and  age  at  tests  are  noted  on  the 
diagrams. 

In  general,  the  blocks  for  each  condition  were  tested  in  sets  of 
10,  5  each  on  2  different  days.  Our  present  practice  is  to  make  the 
specimens  in  sets  of  10,  2  each  on  5  different  days. 
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Fig.  5. — Effect  of  Quantity  of  Cement  on  Wear  and  Strength  of  Concrete. 
'  (Series  134.) 


Hand-mixed  concrete;  relative  consistency  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill. 

Each  value  for  wear  is  the  average  of  40  tests,  and  of  strength  16  tests.  The  values  for  4  sizes 
of  aggregates  ranging  from  0  to  No.  4  sand  to  0  to  lt^-in.  aggregate  were  averaged.  The 
specimens  for  each  condition  were  made  on  two  different  days. 

Specimens  stored  in  damp  sand  14  days,  remainder  in  air.  Age  at  test,  3  months. 

Wear  tests  were  made  in  the  Talbot-Jones  rattler.  This  machine 
consists  essentially  of  a  heavy  cast-iron  head  36  in.  in  diameter  with 
projective  arms  for  holding  the  ring  of  test  blocks.  The  head  is 
rigidly  attached  to  a  horizontal  shaft  and  suitable  gearing  is  provided. 
The  test  blocks  were  arranged  in  a  10-sided  polygon  inside  a  heavy 
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circular  band  and  set  in  the  machine  head.  The  front  of  the  chamber 
was  then  closed  with  a  steel  plate,  and  an  abrasive  charge  of  cast- 
iron  balls  placed  in  the  chamber.  The  wear  was  produced  by  revolving 
the  machine  and  subjecting  the  finished  surfaces  of  the  blocks  to  the 
tumbling  action  and  impact  of  the  balls.  Our  standard  practice  is 
to  use  10  3  $4 -in.  balls  and  about  135  lj^-in.  balls,  a  total  weight  of  200 
lb.  The  machine  is  run  for  1800  revolutions  at  about  30  r.p.m. — 
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Concrete  Stored  in  Damp  Sand,  days. 

Fig.  6. — Effect  of  Curing  Condition  on  Wear  and  Strength  of  Concrete. 

(Series  75.) 

Note  that  all  tests  were  made  at  age  of  4  months.  The  upward  trend  of  the  wear  curve  at  the 
120-day  storage  period1  is  due  to  testing  these  blocks  in  a  damp  condition.  Compare  Fig.  7. 
Each  value  for  wear  is  the  average  of  60  tests  (10  each  for  6  consistencies),  of  strength,  24  tests. 
Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  1  V2  in. 

Reproduced  from  “Effect  of  Curing  Condition  on  the  Wear  and  Strength  of  Concrete,  by  Duff  A. 
Abrams,  Proceedings,  Am.  Ry.  Eng.  Assn.,  Vol.  20  (1919). 

900  in  one  direction  and  900  in  the  other.  In  two  series  of  tests  the 
total  weight  and  the  relative  proportions  of  different  sizes  of  shot 
in  the  charge  and  the  number  of  revolutions  were  varied.  In  these 
tests  an  intermediate  size  of  shot  was  also  used. 

The  blocks  were  weighed  before  and  after  test.  The  loss  in 
weight,  calculated  to  the  average  thickness  of  concrete  removed  by 
the  test,  was  taken  as  a  measure  of  the  wear. 
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Fig.  1  shows  the  Talbot-Jones  rattler  with  the  blocks  in  place 
ready  for  the  chamber  to  be  closed.  This  machine  is  provided  with 
two  heads. 

Parallel  concrete  specimens  (6  by  12-in.  cylinders)  were  generally 
made  for  compression  tests  at  the  same  time  as  the  wear  blocks. 
The  concrete  was  puddled  into  the  steel  forms  in  3  equal  layers. 
Three  or  four  hours  after  molding,  the  top  of  each  cylinder  was  capped 
by  means  of  neat  cement  paste  and  a  piece  of  plate  glass. 


Fig.  7. — Effect  of  Curing  Condition  on  Wear  of  Concrete  Floor  Mixtures. 

(Series  134.) 

Note  that  all  tests  were  made  at  age  of  3  months.  The  upward  trend  of  the  curve  is  on  account 
of  tests  being  made  with  blocks  in  a  damp  condition.  Compare  Fig.  6. 

Relative  consistency  of  concrete,  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin.  Ill.,  graded  0  to  ^  in. 

Each  value  for  wear  is  the  average  of  10  tests  and  for  strength,  4  tests,  made  on  2  different  days. 


Test  Data. 

In  these  investigations  about  10,000  wear  tests  have  been  made. 
Due  to  the  large  mass  of  data,  we  can  present  in  this  paper  only 
typical  results  from  the  most  significant  groups  of  tests.  These 
values  are  presented  in  Table  1  and  in  diagrammatic  form  in  Fig. 
2  to  17.  The  most  important  conditions  surrounding  the  tests  are 
indicated  in  the  notes  which  accompany  the  table  and  figures. 
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Discussion  of  Tests. 

The  following  notes  indicate  the  principal  features  of  the  wear 
tests  which  have  thus  far  been  carried  out. 

Method  of  Conducting  Tests. — After  a  study  of  methods  of  making 
wear  tests,  the  Talbot-Jones  rattler  was  adopted.  The  details  of 
the  test  method  are  given  above.  In  standardizing  this  test  an 


Fineness  Modulus  of  Aggregate. 

Fig.  8. — Effect  of  Grading  of  Aggregates  on  Wear  and  Strength  of  Concrete. 

(Series  98.) 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  1  ^2  in. 

Each  value  for  wear  is  the  average  of  10  tests;  for  strength,  2  tests,  made  on  2  different  days. 

Specimens  stored  in  damp  sand;  tested  damp  at  age  of  3  months. 

investigation  was  carried  out  in  which  the  total  weight  of  cast-iron 
balls,  as  well  as  the  relative  proportions  of  balls  of  three  different 
sizes  were  varied  over  a  very  wide  range.  Greatest  wear  was  produced 
by  the  largest  balls.  The  effect  of  number  of  revolutions  was  also 
studied;  3000  revolutions  gave  a  wear  of  about  88  per  cent  higher 
than  the  standard  test  of  1800  revolutions.  The  test  procedure 
selected  as  standard  is  adapted  to  a  wide  range  of  quality  of  concrete. 
A  high-grade  concrete  will  show  a  wear  of  about  y2  in. ;  a  poor  concrete 
may  lose  as  much  as  iy2  to  2  in.  This  test  gives  a  combined  abrasion 
and  impact  action  which  is  not  dissimilar  to  the  treatment  a  concrete 
surface  receives  under  modern  traffic.  The  advantages  of  this  test 
as  compared  with  other  methods  which  have  been  used  were  pointed 
out  in  our  paper  on  “A  Method  of  Making  Wear  Tests  of  Concrete.” 
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Effect  of  Quantity  of  Mixing  Water. — The  effect  of  quantity  of 
mixing  water  on  the  wear  of  concrete  is  shown  in  Fig.  2  and  3.  In 
these  diagrams  variation  in  water  content  is  expressed  in  terms  of 
the  water-ratio,  or  the  ratio  of  the  volume  of  water  to  the  volume  of 
cement  in  the  batch.  A  water-ratio  of  0.80  represents  about  the 
consistency  which  should  be  aimed  at  in  road  construction.  Increas¬ 
ing  this  to  1.00  caused  an  increase  in  wear  from  0.65  to  0.90  in.  In 
other  words,  the  wear  increases  rapidly  with  an  increase  in  the  quantity 
of  mixing  water.  These  diagrams  confirm  the  conclusion  of  many 


Wear,  in. 

Fig.  10. — Relation  Between  Wear  and  Strength  of  Concrete.  (Series  75.) 

Aggregate:  sand  and  pebbles,  and  sand  and  crushed  limestone,  graded  up  to  1  Ms  in. 

Each  value  for  wear  is  the  average  of  1 0  tests  and  for  strength,  4  tests  made  on  2  different  days. 
Tests  for  4  conditions  of  curing  and  6  consistencies  are  included. 

Reproduced  from  "Effect  of  Curing  Conditions  on  the  Wear  and  Strength  of  Concrete,"  by  Duff  A. 
Abrams,  Proceedings,  Am.  Ry.  Eng.  Assn.,  Vol.  2  (1919):  reprinted  as  Bulletin  2. 

other  investigations  carried  out  in  this  Laboratory  in  showing  the 
primary  importance  of  restricting  mixing  water  to  the  smallest  quan¬ 
tity  that  will  produce  a  plastic,  workable  concrete.  It  will  be  noted 
from  Fig.  2  that  the  strength  curve  is  almost  opposite  in  form  from  the 


wear  curve. 
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Effect  of  Quantity  of  Cement  is  shown  in  Fig.  4  and  5.  In  Fig.  4 
the  mixtures  ranged  from  1  : 6  to  1  :  1,  using  pebbles,  crushed  lime¬ 
stone,  granite  and  slag  as  coarse  aggregates.  In  Fig.  5  mixtures 
ranging  from  1  : 4  to  1  :  1  were  used,  with  sand  and  pebbles  as  aggre¬ 
gate.  All  tests  were  made  at  age  of  3  months  after  curing  specimens 
for  14  days  in  damp  sand  and  remainder  in  air.  The  wear  decreased 
rapidly  with  the  increase  in  quantity  of  cement  used.  It  will  be 


Wear,  in. 


Fig.  11— -Relation  Between  Wear  and  Strength  of  Concrete. 

(Series  89.) 

Machine-mixed  concrete:  tests  from  6  different  times  of  mixing  varying  from  15  seconds  to  10 
minutes  are  included. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  114  in. 

Specimens  stored  in  damp  sand1  until  2  days  prior  to  test  at  age  of  2  months. 

Each  value  for  wear  is  average  of  5  tests;  for  strength,  4  tests,  from  the  same  batch. 

Reproduced  from  "Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete,”  by  Duff  A. 
Abrams,  Proceedings,  Am.  Concrete  Inst.,  1918,  p.  3  8.  Compare  Fig.  3. 

noted  that  here  also  the  strength  and  wear  curves  are  nearly  opposite 
in  form. 

Effect  of  Curing  Condition  of  Concrete  is  shown  in  Fig.  6  and  7. 
Fig.  6  indicates  the  importance  of  curing  the  concrete  for  a  few  days 
in  a  damp  condition  before  it  is  subjected  to  wear.  A  curing  period 
of  10  days  reduced  the  wear  from  1.4  to  0.8  in.  Tests  were  made 
at  the  age  of  4  months.  The  wear  for  all  conditions  in  Fig.  6  is 
abnormally  high,  due  to  the  fact  that  tests  from  a  number  of  different 
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consistencies  were  averaged.  All  tests  in  Fig.  7  were  made  at  the 
age  of  3  months,  the  relative  periods  of  damp  sand  and  air  storage 
being  varied.  For  the  1 :3  mixture  the  wear  was  reduced  from  about 
0.95  in.  to  0.60  in.  by  curing  for  10  days  in  damp  sand.  The  upward 
trend  of  the  curves  at  the  right  probably  resulted  from  the  specimens 
being  tested  before  they  were  thoroughly  dry,  indicating  that  wet 
concrete  is  more  affected  by  wear  than  similar  concrete  in  a  dry 
condition. 


Wear,  in. 

Fig.  12. — Relation  Between  Wear  and  Strength  of  Concrete.  (Series  98.) 

Hand-mixed  concrete;  relative  consistency,  1 . 1  0 . 

Tests  are  included  for  a  wide  range  in  size  and  grading  of  aggregate  and  quantity  of  cement. 

Specimens  stored  14  days  in  damp  sand;  remainder  in  air.  Age  at  test,  3  months. 

Each  value  for  wear  is  average  of  10  tests;  strength.  2  tests. 

Effect  of  Grading  of  Aggregates  is  shown  in  Fig.  8.  In  these 
tests  a  1  :4  mix  of  the  same  consistency  was  used  throughout;  the 
size  and  grading  of  the  aggregates  being  varied  over  a  wide  range  by 
using  different  proportions  of  sand  and  pebbles.  The  variation  in 
grading  is  indicated  by  the  fineness  modulus1  of  the  aggregate,  which 
is  the  sum  of  the  percentages  coarser  than  the  sieves  in  the  standard 

1  See  "Design  of  Concrete  Mixtures,”  by  Duff  A.  Abrams,  Bulletin  1 ,  Structural  Materials 
Research  Laboratory. 


Compressive  Streng+h,  lb.  per  sq.in  . 
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Wear,  in. 

Fig.  13. — Relation  Between  Wear  and  Strength  of  Concrete. 

(Series  134.) 

Hand'-mixed  concrete;  relative  consistency,  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill. 

Each  value  for  wear  is  average  of  1 0  tests;  strength,  4  tests. 

Tests  include  aggregates  ranging  in  size  from  0  to  No.  28  sieve  to  0  to  1  V&  in. 
Specimens  stored  in  damp  sand  14  days;  remainder  in  air. 

Age  at  test,  3  months. 
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set.  The  aggregate  of  fineness  modulus  4.00  was  made  up  of  75 
per  cent  sand  and  25  per  cent  pebbles,  that  with  fineness  modulus  of 
6.00  was  made  up  of  25  per  cent  sand  and  75  per  cent  pebbles,  etc. 
The  wear  was  materially  reduced  as  the  aggregates  having  a  fineness 
modulus  of  5.50  to  6.00  (a  well-graded  aggregate  up  to  IV2  in-)  were 
reached.  All  tests  presented  in  Fig.  8  were  made  on  sand  and  pebbles 
of  limestone  origin.  In  this  series,  as  in  Figs.  2,  4,  5  and  6,  the  wear 
curve  is  almost  exactly  opposite  in  form  from  the  strength  curve. 


Fig.  14. — Relation  Between  Wear  and  Strength  of  Concrete 
(Series  134.) 


Hand-mixed  concrete;  relative  consistency.  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  Y%  in. 

Each  value  for  wear  is  average  of  10  tests;  for  strength,  4  tests. 

Tests  are  included  for  3  mixtures  and  a  wide  range  of  periods  of  storage  in  damp  sand  and  air. 


Effect  of  Grading  of  Coarse  Aggregates. — The  principal  results 
of  the  tests  with  coarse  aggregates  of  different  gradings  (Series  98) 
are  shown  in  Fig.  9.  Pebbles,  crushed  limestone,  granite  and  blast¬ 
furnace  slag  were  each  used  in  21  different  gradings.  A  well-graded 
sand  was  used  throughout  as  fine  aggregate.  The  gradings  of  coarse 
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a?gregate  are  indicated  in  Fig.  9  by  the  coordinates  of  the  points 
{  on  the  triangles.  Each  point  represents  a  definite  combination  of 
the  three  sizes  into  which  the  coarse  aggregates  were  screened.  The 
contours  of  these  diagrams  show  the  wear  of  the  concrete  in  hundredths 
of  inches  and  indicate  that  the  grading  of  the  coarse  aggregate  may 
vary  over  a  wide  range  without  materially  affecting  the  wear.  This 
figure  also  shows  the  relation  between  the  wearing  qualities  of  concrete 
produced  by  these  four  types  of  aggregates.  It  should  be  stated  that 


Wear .  /r>. 


Fig.  15. — Relation  Between  Wear  and  Strength  of  Concrete. 

(Series  134.) 

Hand-mixed  concrete:  relative  consistency,  1.10.  Aggregate  graded  0  to  1  %  in. 

Each  value  for  wear  is  the  average  of  10  tests  and  for  strength  4  tests  made  on  2  different  days. 
Tests  are  included  for  a  wide  range  in  sand  content  and  for  4  mixtures. 

Specimens  stored  in  damp  sand  14  days;  remainder  in  air. 

Age  at  test,  3  months. 


all  of  these  aggregates  were  of  high  grade.  The  average  wear  for 
21  gradings  were  as  follows:  pebbles  0.57  in.,  crushed  limestone 
0.53  in.,  slag  0.46  in.,  granite  0.42  in.  The  compressive  strength 
of  6  by  12  in.,  cylinders  made  and  tested  under  the  same  conditions 
were:  pebbles  3360,  crushed  limestone  3520,  slag  3580,  and  granite 
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3660  lb.  per  sq.  in.  Each  of  the  foregoing  values  for  wear  is  the 
average  of  210  tests;  for  strength,  42  tests.  All  tests  were  made  at 
the  age  of  3  months.  The  relation  between  wear  and  strength  for 
these  aggregates  is  shown  in  Fig.  12.  This  figure  also  includes 
concretes  of  mixtures  ranging  from  1  :6  to  1  :  1.  In  comparing  these 
concrete  strengths  with  those  in  Table  1  it  should  be  noted  that  in 
the  latter  tests  the  aggregates  were  of  coarser  grading  than  the  average 
in  Fig.  9. 
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Fig.  16. — Effect  of  Age  on  Wear  and  Strength  of  Concrete. 

(Series  98.) 

Hand-mixed1  concrete. 

Mix  1  :  4  by  volume;  relative  consistency.  1.10. 

Aggregate;  sand  and  pebbles  from  Elgin,  111.,  graded  up  to  1  %  in. 

Each  value  for  wear  is  average  of  5  tests  and  for  strength  2  tests,  made  on  same  day. 

Specimens  stored  in  damp  sand  14  days;  remainder  in  air. 

Comparison  of  Different  Coarse  Aggregates. — Data  on  the  relative 
merits  of  pebbles,  crushed  limestone,  granite  and  slag  were  referred 
to  in  discussing  Fig.  4  and  9.  A  comparison  between  pebbles  of 
limestone  origin  and  crushed  limestone  was  made  also  in  Series  75 
and  134;  see  Fig.  10  and  15. 

In  Series  135,  tests  were  made  on  about  150  samples  of  coarse 
aggregates  from  widely  scattered  sources.  The  principal  results  from 
tests  made  on  coarse  aggregates  of  “Grading  A”  are  given  in  Table  1. 
This  grading  was  as  follows :  No.  4  to  y  in.,  25  per  cent,  y  to 
y  in.,  50  per  cent,  y  to  1^2  in.,  25  per  cent  by  volume.  The  wide 
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variety  of  these  samples  will  be  seen  when  it  is  stated  that  the  pebbles 
averaged  in  Table  1  were  from  13,  and  the  crushed  limestone  from  11 
different  states.  It  appears  that  the  wear  of  concrete  is  not  so  much 
dependent  on  the  qualities  of  the  coarse  aggregate  used  in  the  wearing 
surface  as  is  commonly  supposed. 

It  should  be  emphasized  that  in  these  tests  all  aggregates  were 
of  the  same  grading  and  care  was  taken  to  mix  the  concrete  to  as 
nearly  as  possible  the  same  consistency.  The  general  neglect  of 
differences  in  grading  of  aggregates  and  consistency  of  concrete  in 
comparing  the  concrete-making  properties  of  different  types  of  aggre¬ 
gates  have  led  earlier  investigators  to  the  erroneous  conclusion  that 
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Time  of  Mixing,  min. 

Fig.  17. — Effect  of  Time  of  Machine-Mixing  on  the  Wear  of  Concrete. 

(Series  89.) 

Relative  consistency,  1.10. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  up  to  1  V2  in. 

Each  value  for  wear  is  average  of  30  tests,  5  each  from  6  consistencies. 

Specimens  stored  in  damp  sand1  until  2  days  prior  to  te^t  at  age  of  2  months. 

Reproduced  from  ‘‘Effect  of  Time  of  Mixing  on  the  Strength  and  Wear  of  Concrete,”  by  Duff  A. 
Abrams,  Proceedings.  Am.  Concrete  Inst.,  1918,  p.  3  8. 


there  was  a  wider  variation  in  strength  of  concrete  from  aggregates 
of  the  same  type  than  for  aggregates  of  different  types.  Our  tests 
show  a  remarkable  uniformity  in  the  concrete  strength  of  aggregates 
in  a  given  class  and  much  smaller  discrepancies  between  the  different 
types  of  aggregates  than  is  usually  supposed.  Of  the  24  samples  of 
pebbles  the  lowest  concrete  strength  was  3690  and  the  highest  4940 
lb.  per  sq.  in. — a  maximum  variation  of  33  per  cent ;  the  mean  varia¬ 
tion  from  the  average  was  only  4.8  per  cent.  The  extreme  values  for 
wear  were  0.74  and  0.44  in.  It  is  notable  that  the  extreme  values  for 
strength  and  wear  were  found  in  the  same  samples.  In  the  case  of 
the  26  crushed  limestones  the  extreme  values  for  strength  were  4140 
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and  5020  lb.  per  sq.  in.,  or  a  maximum  variation  of  21  per  cent,  and  a 
mean  variation  from  the  average  of  5.3  per  cent.  The  wear  for  the 
limestone  samples  varied  from  0.39  to  0.52  in.  For  the  12  granites, 
the  extreme  values  for  strength  were'4130  and  4730  lb.  per  sq.  in., 
or  a  maximum  variation  of  15  per  cent,  and  a  mean  variation  from  the 
average  of  2.9  per  cent.  Wear  for  granite  varied  from  0.30  to  0.41  in. 
For  the  13  crushed  blast-furnace  slags  the  strength  varied  from  3600 
to  4830  lb.  per  sq.  in.,  or  a  maximum  of  34  per  cent,  wear  varied  from 
0.39  to  0.64  in.,  mean  variation  of  6.8  per  cent. 

These  tests  show  little  or  no  relation  between  the  type  of  aggregate 
and  the  strength  of  concrete.  Low  strengths  and  high  wear  were 
given  by  tufa  and  cinders ;  highest  concrete  strength  was  found  for 
fire  brick,  lava  and  flint;  the  wear  for  these  samples  was  about  the 
average.  For  the  usual  types  of  aggregates  (pebbles,  limestone, 
granite  and  trap)  the  concrete  strength  was  quite  uniform.  Con¬ 
trary  to  general  opinion  the  sandstones  gave  strengths  above  the 
average.  The  strength  of  slag  concrete  compared  favorably  with  the 
other  materials,  being  about  4  per  cent  less  than  the  average  for 
pebbles,  limestone,  granite  and  trap.  Granite  showed  the  lowest  wear 
of  any  group  with  a  strength  about  the  average  of  the  usual  types  of 
aggregates. 

Wear  Tests  with  Miscellaneous  Fine  Aggregate. — A  comparison 
of  different  fine  aggregates  was  carried  out  in  Series  145.  It  is  not 
feasible  to  present  the  details  of  these  tests ;  however,  it  may  be  stated 
that  the  wear  of  the  concrete  is,  in  general,  not  materially  affected 
by  the  quality  of  the  fine  aggregate  so  long  as  it  is  structurally  sound, 
clean  and  does  not  contain  an  excess  of  fine  material.  Further  studies 
are  now  being  carried  out  in  order  to  bring  out  the  relation  between 
the  wear  of  the  concrete  and  the  quality  of  fine  aggregate. 

Effect  of  Hydrated  Lime  and  other  Powdered  Admixtures. — A 
complete  report  on  the  tests  in  which  hydrated  limes  and  other  pow¬ 
dered  admixtures  were  used  was  presented  to  the  Society  last  year.1 
No  details  of  these  tests  are  given  here.  The  wear  of  concrete  was 
not  sensibly  increased  by  hydrated  lime  or  other  powdered  admix¬ 
tures  used  up  to  20  per  cent  of  the  volume  of  cement. 

Relation  of  Wear  to  Compressive  Strength  of  Concrete. — In  Fig. 
2,  8,  and  10  to  16,  inclusive,  the  relation  between  the  wear  and  the 
compressive  strength  of  concrete  is  shown.  All  of  these  figures  show 
a  similar  relation  between  wear  and  strength.  In  general,  as  the 

1  "Effect  of  Hydrated  Lime  and  Other  Powdered  Admixtures  in  Concrete,”  Proceedings,  Am. 
Soc.  Test.  Mats.,  Part  2,  p.  146  (1920).  The  foregoing  report  and  a  report  on  a  subsequent  series 
of  tests  on  the  effect  of  hydrated  lime  will  be  found  in  Bulletin  3.  Structural  Materials  Research 
Laboratory. 
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strength  increased  the  wear  decreased.  As  shown  in  an  earlier  paper1 
the  relation  between  strength  and  wear  of  concrete  may  be  represented 
by  a  curve  of  the  form : 

A 

S~ Wn 

where  A  —  the  compressive  strength  of  concrete, 

W  =  the  wear  of  concrete  as  determined  by  the  Talbot-Jones 
rattler  test, 

A  and  n  are  constants  depending  on  the  quality  of  the  concrete 
and  the  method  of  test.  The  constant  A  is  the  compres¬ 
sive  strength  of  concrete  which  gives  a  wear  of  1  in.  by 
this  method. 

This  relation  appears  to  hold  whether  .variations  in  strength  are 
due  to  quantity  of  cement,  size  and  grading  of  the  aggregate,  quantity 
of  mixing  water,  age  of  concrete,  curing  condition  of  concrete,  or  other 
factors  which  affect  the  strength.  This  relation  appears  to  be  generally 
true  also  for  aggregates  of  different  types. 

As  an  illustration  of  the  values  of  these  symbols,  the  equation  for 
the  curve  in  Fig.  10  is 

2230 
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In  this  group  a  1  :  4  mix  was  used  and  all  tests  were  made  at 
the  age  of  4  months. 

Effect  of  Age  on  the  Wear  and  Strength  of  Concrete  are  shown  in 
Fig.  16.  The  tests  in  this  series  were  made  on  blocks  which  were 
stored  in  damp  sand  14  days  and  the  remainder  in  the  air  of  the 
laboratory.  The  wear  shows  a  steady  decrease  with  age,  the  strength 
a  gradual  increase,  up  to  6  months. 

Effect  of  Time  of  Mixing  Concrete. — The  effect  of  time  of  mixing 
on  the  wear  of  concrete  is  shown  in  Fig.  17.  The  wear  for  all  condi¬ 
tions  on  this  curve  is  abnormally  high  due  to  the  fact  that  a  number 
of  wet  consistencies  were  averaged  with  other  tests.  The  average 
wear  decreased  rapidly  as  the  time  of  mixing  increased  from  15  seconds 
to  2  minutes. 

1  “Effect  of  Curing  Condition  on  the  Wear  and  Strength  of  Concrete,"  by  Duff  A.  Abrams,  Pro¬ 
ceedings,  Am.  Ry.  Eng.  Assn.,  Vol.  20,  1919;  reprinted  as  Bulletin  2  of  this  Laboratory. 


SUMMARY  AND  CONCLUSIONS1 


The  widespread  use  of  concrete  in  the  construction  of  roads, 
pavements  and  floors  is  one  of  the  notable  features  of  recent  develop¬ 
ments  in  this  field.  Concrete  of  a  high  grade  is  required  for  these 
purposes.  The  effort  to  secure  concrete  of  low  wear  has  served  to 
focus  the  attention  of  engineers  and  architects  on  the  factors  which 
enable  them  to  produce  concrete  of  the  highest  quality. 

During  the  past  six  years  the  Structural  Materials  Research  Lab¬ 
oratory,  Lewis  Institute,  Chicago,  has  carried  out  a  number  of  re¬ 
searches  on  the  wearing  qualities  of  concrete  as  affected  by : 

1.  Method  of  conducting  the  test, 

2.  Quantity  of  mixing  water, 

3.  Quantity  of  cement, 

4.  Grading  of  aggregate, 

5.  Grading  of  coarse  aggregate, 

6.  Comparison  of  different  fine  aggregates, 

7.  Comparison  of  different  coarse  aggregates, 

8.  Hydrated  lime  and  other  powdered  admixtures, 

9.  Relation  of  compressive  strength  to  wear, 

10.  Age  of  concrete, 

11.  Time  of  mixing  concrete, 

12.  Curing  condition  of  concrete. 

This  report  contains  brief  resumes  of  these  investigations.  About 
10,000  wear  blocks  have  been  tested,  as  well  as  several  thousand  com¬ 
pression  cylinders  and  miscellaneous  specimens.  The  wear  as  here 
used  is  measured  by  the  thickness  of  concrete  removed  by  the  test ; 
a  low  wear  is  the  same  as  a  high  resistance  to  wear.  In  general, 
details  of  the  tests  are  not  given;  in  many  instances  details  have  been 
published  elsewhere. 

The  Talbot-Jones  rattler  was  used  with  the  following  procedure: 
A  ring  of  10  separately-molded  concrete  blocks,  8  in.  square  and  5  in. 
thick  was  placed  in  the  machine.  The  finished  surfaces  of  the  blocks 
were  subjected  to  the  tumbling  action  of  a  200-lb.  charge  of  cast-iron 
balls  for  1800  revolutions,  requiring  about  1  hr.  Tests  were  usually 
made  at  the  age  of  3  months  after  storing  the  blocks  for  14  days  in 
damp  sand  or  moist  air  and  the  remainder  in  air  at  ordinary  humidity. 

1  This  summary  was  omitted  from  the  original  paoer  in  the  Proceedings,  Am.  Soc.  Testing 
Mats.,  1921. 
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The  following  conclusions  are  based  on  the  wear  and  compression  / 
tests  of  concrete  covered  by  this  report : 

(1)  The  wear  on  separately  molded  concrete  blocks  tested  in  the 
Talbot-Jones  rattles  was  much  more  severe  than  any  encountered  in 
service;  however,  the  test  is  believed  to  give  trustworthy  information 
on  the  wearing  resistance  of  concrete  of  various  proportions,  consist¬ 
encies,  curing  conditions,  ages,  etc.,  for  use  in  concrete  roads  and 
pavements. 

(2)  A  standardized  practice  must  be  followed  in  making  the 
specimens  and  conducting  the  tests  if  consistent  and  reliable  data  are 
to  be  secured. 

(3)  In  general  the  factors  which  gave  concrete  of  high  strength 
also  gave  concrete  of  low  wear  (a  high  resistance  to  wear). 

(4)  Increasing  the  quantity  of  cement  reduced  the  wear. 

(5)  Increasing  the  quantity  of  mixing  water,  beyond  the  minimum 
required  to  produce  a  plastic  concrete,  caused  a  material  increase  in 
the  wear. 

(6)  The  coarser  the  grading  of  the  aggregates,  up  to  certain 
limits,  the  lower  the  wear. 

(7)  Curing  concrete  under  favorable  conditions  exerted  a  marked 
influence  in  reducing  wear. 

(8)  Wear  was  materially  reduced  by  longer  mixing  of  the  con¬ 
crete. 

(9)  Wear  was  reduced  (resistance  to  wear  increased)  with  the  age 
of  the  concrete. 

(10)  The  quality  of  the  fine  or  coarse  aggregate  produced  less 
effect  on  wear  than  is  commonly  supposed.  The  wearing  resistance 
of  concrete  is  determined  largely  by  the  quality  of  concrete  rather  than 
by  the  type  of  aggregate.  Good  concrete  can  be  produced  from  aggre¬ 
gates  which  are  generally  considered  inferior,  if  other  factors  are 
properly  taken  into  account. 

(11)  The  wear  of  concrete  was  not  sensibly  increased  by  the 
presence  of  hydrated  lime  or  other  powdered  admixtures  up  to  20 
per  cent  of  the  volume  of  cement. 
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FLEXURAL  STRENGTH  OF  PLAIN  CONCRETE 

By  Duff  A.  Abrams 
INTRODUCTION 

The  flexural  strength  of  concrete  is  low  as  compared  with  its  com¬ 
pressive  strength;  the  use  of  steel  bars  to  supply  this  deficiency  is  the  basic 
principle  of  reinforced  concrete  construction.  For  many  years  little  atten¬ 
tion  has  been  given  to  the  flexural  strength  of  concrete,  due  to  the  practice 
of  disregarding  the  tensile  stresses  in  the  concrete  in  the  design  of 
reinforced- concrete  members  and  structures.  With  the  advent  of  concrete 
roads  and  pavements,  the  flexural  strength  of  concrete  again  became 
important;  it  may  in  fact  prove  the  determining  factor  in  working  out 
a  rational  and  economical  design  of  slabs  for  this  purpose.  Concrete  roads 
have  presented  many  new  engineering  problems,  one  of  which  is  the  design 
of  a  comparatively  thin  slab  to  carry  heavy  rolling  loads.  Critical  tensile 
stresses  may  occur  in  any  direction,  in  either  the  top  or  bottom  surface; 
the  span  length  is  uncertain  on  account  of  the  indeterminate  nature  of  the 
support.1  To  provide  adequate  steel  reinforcement  would  involve  a 
prohibitive  expense,  consequently  engineers  have  come  to  realize  that 
primary  dependence  must  be  placed  on  the  ability  of  the  plain  concrete 
to  develop  the  flexural  strength  necessary  for  a  proper  distribution  of  the 
load  over  the  subgrade.  The  exact  thickness  of  slab  necessary  for  this 
purpose  cannot  now  be  fixed  by  mathematical  analysis,  but  must  be  deter¬ 
mined  as  a  result  of  experience.  Considerable  advance  toward  a  rational 
design  of  road  slabs  may  be  expected  to  result  from  the  studies  of  subgrade 
soils,  the  effect  of  moisture  and  temperature  on  the  slab  and  the  effect  of 
impact  that  are  now  being  carried  out  by  the  U.  S.  Bureau  of  Public  Roads 
and  a  number  of  the  state  highway  departments. 

Flexural  tests  of  mortar  and  concrete  have  been  reported  by  Feret,2 
Fuller  and  Thompson,8  Sabin4  and  others,  but  it  seemed  desirable  to 
review  the  subject  in  the  light  of  recent  developments  which  have  led 
to  a  better  understanding  of  the  factors  which  enter  into  the  scientific 
design  of  concrete  mixtures,  and  a  better  appreciation  of  the  necessity  for 
exact  control  of  the  concrete  in  carrying  out  studies  of  this  kind. 


JSubgrade  Support  and  Pavement  Design,  by  Clifford  Older,  Eng.  News- 
Rec.,  v.  86,  p.  210,  Feb.  3,  1921. 

2Etude  Experimentale  du  Ciment  Arme,  by  R.  Feret ;  p.  576,  1906.  (See 
Fig.  13  below.) 

8Laws  of  Proportioning  Concrete,  by  Fuller  and  Thompson  ;  Trans.  Am. 
Soc.  Civil  Eng.,  v.  59,  p.  67,  1907.  (See  Fig.  12  below.) 

4Cement  and  Concrete,  by  L.  C.  Sabin,  1907. 
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The  tensile  resistance  is  the  limiting  factor  in  flexural  tests  of  plain 
concrete,  yet  a  careful  distinction  must  be  made  between  tension  and 
flexural  stresses.  Flexural  stress  here  refers  to  the  type  of  stress  developed 
by  beam  action.  Due  to  the  curvilinear  relation  between  deformation  and 
stress  in  concrete5  and  other  non-homogeneous  materials,  the  tensile 
stress  developed  in  flexure,  when  computed  by  the  usual  methods,  far 
exceeds  the  resistance  of  the  material  in  pure  tension.  The  computed  unit 
tensile  strength  at  which  failure  occurs  is  termed  the  “Modulus  of  Rup¬ 
ture”  of  the  material.  Tests  by  Mills*  showed  that  tensile  strength  of 
concrete  is  probably  not  more  than  8  to  10%  of  its  compressive  strength  in 
0-in.  cubes,  whereas  the  tests  in  this  report  show  the  modulus  of  rupture 
to  be  20%  or  more  of  the  compressive  strength.  Pure  tension  tests  of 
concrete  are  difficult  to  make  and  may  give  misleading  results  on  account 
of  non-uniform  distribution  of  stress  across  the  section. 

While  it  is  sound  practice  to  disregard  the  flexural  resistance  of  the 
concrete  in  reinforced  concrete  members,  it  should  be  noted  that  load  tests 
on  bridges7  and  buildings5  have  shown  the  concrete  to  contribute  in  a 
marked  degree  to  increasing  the  load-carrying  capacity  of  the  structure. 

The  tests  covered  by  this  report  were  made  as  a  part  of  a  general 
investigation  of  concrete  and  concrete  materials  being  carried  out  through 
the  cooperation  of  Lewis  Institute  and  the  Portland  Cement  Association, 
at  the  Structural  Materials  Research  Laboratory,  Chicago. 

The  discussion  of  these  tests  is  followed  by  a  brief  review  of  the  rela¬ 
tion  of  modulus  of  rupture  to  compressive  strength  of  a  number  of  other 
materials  of  construction. 


Scope  of  Tests. 

750  concrete  beams  were  tested  by  loads  applied  at  the  ^  points  of  a 
36-in.  span.  In  general,  the  beams  were  of  plain  concrete  10  in.  wide,  7  in. 
deep.  In  one  group  of  tests  the  depth  of  the  beam  was  varied  from  4  to 
10  in.;  in  another  group  1  to  8  %-in.  round  reinforcing  bars  were  used. 
In  general  the  aggregates  consisted  of  sand  and  pebbles;  in  one  group 
of  tests  other  types  of  coarse  aggregates  were  used.  Most  tests  were  made 
at  28  days;  in  certain  groups  tests  were  made  at  ages  of  7  days  to  1  year. 


'Modulus  of  Elasticity  of  Concrete,  by  Stanton  Walker.  Proc.  Am.  Soc. 
Testing  Mat.,  1919,  Part  II. 

'Materials  of  Construction,  by  A.  P.  Mills,  1915,  p.  192.  (In  stating 
these  percentages  certain  allowance  has  been  made  for  discrepancy  in  ages  of 
specimens  tested  by  Mills.) 

7Test  of  a  40-ft.  Reinforced  •  Concrete  Highway  Bridge,  by  Duff  A.  Abrams. 
Proc.  Am.  Soc.  Testing  Mat..  1913,  p.  884. 

'Moments  and  Stresses  in  Slabs,  by  Westegaard  and  Slater,  Proc.  Am. 
Concrete  Inst.,  1921,  p.  415,  see  bibliography,  p.  533. 
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The  following  topics  were  studied  in  this  series: — 

1.  Position  of  beam  during  test, 

2.  Quantity  of  cement, 

3.  Quantity  of  mixing  water, 

4.  Size  of  aggregate, 

5.  Grading  of  aggregate, 

6.  Curing  condition  of  concrete, 

7.  Depth  of  beam, 

8.  Kind  of  aggregate, 

9.  Age  of  concrete, 

10.  Relation  between  flexural  and  compressive  strength, 

11.  Relation  between  strength  and  water-ratio  of  concrete, 

12.  Number  of  steel  reinforcing  bars, 

13.  Uniformity  of  tests. 


FIG.  1. - METHOD  OF  LOADING  CONCRETE  BEAMS. 

An  important  feature  of  the  report  is  the  comparisons  between  flexural 
and  compressive  strength  of  concrete  from  the  same  batches.  750  tests  of 
0  by  12-in.  cylinders  are  included. 

Materials. 

The  cement  consisted  of  a  mixture  of  equal  parts  of  4  brands  of  port- 
land  cement  purchased  in  Chicago;  complete  data  of  tests  are  given  in 
Table  1. 

Sand  from  Janesville,  Wis.,  and  pebbles  from  Elgin,  Ill.,  were  used 
in  most  of  the  tests.  In  one  group  crushed  stone  and  slag  were  used  as 
coarse  aggregate.  Sieve  analyses  and  miscellaneous  data  concerning  the 
aggregates  will  be  found  in  Table  II.  The  sieves  used  were  of  square  mesh 
wire  cloth  recommended  by  the  American  Society  for  Testing  Materials.” 
_  » 

^Tentative  Method  of  Test  for  Sieve  Analysis  of  Aggregate  for  Concrete, 
Proc.  A.  S.  T.  M.,  1921. 
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The  sieve  analysis  curves  for  aggregates  (Fig.  2)  are  platted  in  terms 
of  the  percentages  coarser  than  each  of  the  sieves  in  the  set,  using  as 
abscissae  the  logarithms  of  the  clear  openings  in  inches.  Since  the  clear 
opening  of  each  sieve  is  just  double  the  width  of  the  next  smaller  sieve, 
the  logarithmic  scale  consists  simply  of  a  series  of  equi-distant  ordinates. 
Special  paper  is  not  required  for  a  logarithmic  scale  for  this  purpose. 
The  fineness  modulus10  of  the  aggregate  is  a  useful  measure  of  its  size 
and  grading ;  it  is  the  sum  of  the  percentages  in  the  sieve  analysis  expressed 
as  above,  divided  by  100.  Graphically  it  is  proportional  to  the  area 


Table  I. — Tests  of  Portland  Cement. 


The  cement  used  in  all  tests  consisted  of  a  mixture  of  equal  parts  of  four  brands  purchased  in  Chicago. 
Tests  were  made  in  accordance  with  Standard  Specifications  and  Tests  for  Portland  Cement  of  American 
Society  for  Testing  Materials. 

Miscellaneous  Tests. 


Cement 

Lot 

No. 

Fineness, 
Residue 
on  No.  200 
Sieve. 

Normal 
Consistency, 
per  cent 
by  weight. 

Time  of  Setting. 

Soundness 
Test  (over 
boiling 
water). 

Vicat  Needle. 

Gillmore  Needle. 

Initial. 

Final. 

Initial. 

Final. 

h.  m. 

h.  m. 

h.  m. 

h.  m. 

5219 

5259 

18.8 

17.6 

24.0 

23,0 

3  40 

3  45 

8  20 

8  00 

5  45 

6  30 

9  40 

8  30 

OK 

OK 

Mortar  Strength  Tests. 

1  :  3  Standard  Sand  Mortar. 

Values  for  strength  are  given  in  pounds  per  square  inch. 


Cement 

Lot 

No. 

Mixing 
Water 
per  cent. 

Tensile  Strength  of 

Briquets. 

Compressive  Strength  of 

2  by  4-in.  Cylinders. 

7  d. 

28  d. 

3  m. 

6  m. 

ly. 

7  d. 

28  d. 

3  m. 

6  m. 

ly. 

5219 

5259 

10.5 

10.3 

235 

280 

365 

430 

425 

410 

380 

385 

405 

355 

1670 

1720 

2570 

2870 

3520 

3710 

4250 

4150 

3840 

4370 

under  the  sieve  analysis  curves  in  Fig.  2.  A  well-graded  concrete  sand 
has  a  fineness  modulus  of  2.25  to  3.25;  a  coarse  aggregate  graded 
No.  4  to  1  y2  in.  has  a  value  of  about  7.00. 

Test  Pieces. 

In  general  flexural  tests  were  made  on  plain  concrete  beams  10  in. 
wide,  7  in.  deep  and  38  in.  long.  In  one  group  of  tests  the  depth  was 
varied  from  4  to  10  in.  In  another  group  one  to  eight  %-in.  round  bars 
were  used  as  reinforcement.  Parallel  compression  tests  were  made  on 
0  by  12-in.  cylinders  from  the  same  batches. 

I0For  further  details  see  “Design  of  Concrete  Mixtures, by  Duff  A. 
Abrams,  Bull.  1,  Structural  Materials  Research  Laboratory,  Lewis  Institute, 
Chicago. 
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The  quantities  of  aggregate  required  for  each  batch  were  determined 
by  weight  on  the  basis  of  the  unit  weight  of  the  aggregates  mixed  as  used. 
The  quantity  of  water  for  a  batch  was  measured  by  means  of  a  calibrated 
tank.  All  mixtures  were  by  volume;  that  is,  one  volume  of  cement  to  a 


Details  are  given  in  Table  II. 

given  number  of  volumes  of  aggregate  were  mixed  together.  The  mixtures 
are  expressed  as  1:6,  1:4,  etc.  regardless  of  the  size  or  grading  of  the 
aggregate.  One  sack  of  cement  (94  lb.)  was  considered  1  cu.  ft.  The 
consistency  or  workability  of  the  concrete  was  measured  by  the  “flow 


G  Structural  Materials  Research  Laboratory. 

table”11.  Concrete  with  relative  consistency  1.00  gave  a  flow  of  about 
180;  other  relative  consistencies  were  based  on  proportional  quantities  of 
mixing  water.  A  relative  consistency  of  1.10  gave  a  flow  of  about  220. 

The  concrete  was  mixed  in  a  Smith  “Mascot”  mixer  of  3  %  cu.  ft. 
capacity.  Sufficient  concrete  was  mixed'  to  make  2  beams  and  2  cylinders. 
Each  batch  was  mixed  1  minute  after  all  materials  were  in  the  machine. 


Table  II. — Sieve  Analysis  and  Unit  Weight  of  Aggregates. 


Square  mesh  wire  cloth  sieves  manufactured  by  The  W.  S.  Tyler  Co.,  Cleveland,  0.,  were  used  in  making 
sieve  analyses.  Each  sieve  has  a  clear  opening  twice  the  width  of  the  preceding. 

Sieve  analysis  curves  are  platted  in  Fig.  2. 


Aggregate. 

Sieve  Analysis. 

Ref. 

Amount  Retained 

on  Each  Sieve, 

Modulus 

U  nil 

Weight, 

Kind. 

Size. 

per  cent  by  Weight. 

Aggre- 

lb.  per 

gate.* 

100 

50 

30 

16 

8 

4 

X 

X 

IX 

36 

0-No.  16 

97 

78 

20 

0 

1.95 

108 

37 

Janesville  sand.  . . . 

0-No.  8 

98 

80 

28 

11 

0 

2.17 

111 

38 

0-No.  4 

98 

82 

35 

19 

9 

2 

0 

2.45 

113 

39 

0-%  in. 

99 

90 

63 

54 

49 

45 

0 

4.00 

123 

40 

0-%  in. 

99 

93 

75 

69 

64 

61 

39 

0 

5.00 

128 

1-28,41 

OlJ^in. 

99 

95 

80 

76 

74 

71 

52 

18 

0 

5.65 

130 

29 

Janesville  sand  and 

O-lJUn. 

98 

84 

43 

30 

20 

14 

8 

3 

0 

3.00 

118 

30 

Elgin  pebbles .  .  . 

0-lbiin. 

99 

88 

57 

46 

41 

35 

25 

9 

0 

4.00 

127 

31 

o-iy/m. 

99 

90 

64 

58 

51 

46 

33 

11 

0 

4.50 

131 

32 

0-lJ^in. 

99 

92 

71 

65 

61 

57 

41 

14 

0 

5.00 

132 

33 

o-iym. 

99 

93 

75 

70 

66 

62 

45 

15 

0 

5.25 

133 

34 

0-l'Hin. 

100 

96 

86 

83 

80 

78 

58' 

19 

0 

6.00 

127 

35 

1 

0-l)4in. 

100 

97 

89 

86 

85 

84 

63 

21 

0 

6.25 

124 

42-53 

Janesville  sand  and 

59-64 

Elgin  pebbles.  . . . 

0-iyin. 

99 

95 

80 

76 

74 

71 

52 

18 

0 

5.65 

130 

54 

Janesville  sand  and 

crushed  slag . 

O-l^in. 

99 

95 

80 

76 

74 

71 

52 

18 

0 

5.65 

118 

55 

Janesville  sand  and 

crushed  limestone. 

0-lJ^in. 

99 

95 

80 

76 

74 

71 

52 

18 

0 

5.65 

129 

56 

Janesville  sand  and 

crushed  granite. . . 

O-l^in. 

99 

95 

80 

76 

74 

71 

52 

18 

0 

5.65 

121 

57 

Washed  Elgin  sand 

and  Elgin  pebbles. 

0-lHin. 

99 

95 

86 

80 

72 

67 

49 

17 

0 

5.65 

127 

58 

Unwashed  Elgin  sand 

and  Elgin  pebbles. 

0-lHin. 

100 

98 

91 

86 

81 

73 

50 

18 

0 

5.97 

130 

*  Sum  of  per  cents  in  sieve  analysis,  divided  by  100. 


Twin  beams  were  tested  in  different  positions,  at  different  ages,  or  after 
storage  under  different  conditions,  etc. 

The  wood  forms  for  the  concrete  beams  were  set  on  a  sheet  of  build¬ 
ing  paper  to  prevent  bonding  with  the  concrete  floor.  The  forms  were 
thoroughly  painted  before  using  and  were  kept  oiled  in  order  to  prevent 
absorption  of  water.  The  concrete  was  placed  in  two  layers,  each  layer 


'■Time  of  Set  of  Concrete,  by  Watson  Davis  ;  Proc.  Am.  Soc.  Testing  Mat., 
1921,  p.  995. 
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being  puddled  with  a  %-in.  steel  bar  pointed  at  the  lower  end.  After  the 
forms  were  filled,  the  concrete  was  leveled  off  with  a  trowel  and  finished 
with  a  wood  float.  The  beams  remained  in  the  form  over  night,  being 
covered  with  damp  burlap  sacks.  After  removal  of  the  forms  the  beams 
were  stacked  compactly  on  end  and  kept  covered  with  damp  burlap  sacks 
until  28  days  old.  Beams  for  test  at  3  months  and  1  year  were  placed 
in  the  moist  room  at  the  age  of  28  days.  In  one  group  of  tests  the  speci¬ 
mens  were  stored  in  a  damp  condition  for  different  periods,  followed  by 
periods  of  dry  air  storage. 

The  concrete  cylinders  were  molded  from  the  same  batch  from  which 
beams  Were  made.  Metal  forms  made  of  cold-drawn  steel  tubing  were  used. 


*'ig.  3. — effb:ct  of  quantity  of  cement  on  flexural  and  compressive 


STRENGTH  OF  CONCRETE. 

Data  from  Table  III. 

Plain  concrete  beams  10  in.  wide,  7  in.  deep,  loaded  at  Yz  points  of  36-in. 
span  :  compression  tests  of  6  by  12-in.  cylinders. 

Each  point  is  based  on  20  tests  made  on  10  different  days. 

Beams  stored  under  damp  burlap  ;  cylinders  in  moist  room. 


Each  form  stood  on  a  machined  cast-iron  base  plate.  The  concrete  was 
puddled  in  the  forms  in  3  layers,  using  a  %-in.  round  bar  pointed  at  the 
lower  end.  The  forms  remained  in  place  over  night.  After  the  removal  of 
the  forms  the  specimens  were  stored  in  a  moist  room  with  the  humidity 
near  the  saturation  point  and  a  temperature  of  about  65  to  70°F.  In 
making  the  concrete  specimens  we  followed  the  methods  of  the  American 
Society  for  Testing  Materials.12 

The  five  or  more  specimens  included  in  averaging  the  results  for  a 
given  set  of  tests  were  made  on  different  days.  One  complete  round  of 


12Tentative  Methods  for  Making  Compression  Tests  of  Concrete  ;  Proc.  A.  S. 
T.  M.,  1921,  p.  579. 
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specimens  was  made  before  beginning  the  second  round.  This  served  to 
distribute  accidental  variations  of  materials,  manipulation  or  test  condi¬ 
tions.  Any  value  in  the  series  can  be  compared  directly  with  any  other. 

Methods  of  Testing. 

Both  beam  and  cylinder  tests  were  made  in  a  200,000-lb.  Olsen  univer¬ 
sal  testing  machine.  The  beams  were  loaded  at  the  one-third  points  of 
a  36-in.  span.  They  were  supported  and  loaded  in  such  a  manner  as  to 
prevent  restraint.  One  end  rested  on  a  roller  and  the  other  on  a  spherical 
bearing  block.  The  load  was  transmitted  to  the  beam  through  leather 
cushions  which  prevented  concentration  of  the  load  due  to  minor  irregu¬ 
larities  in  the  surfaces.  The  method  of  loading  is  shown  in  Fig.  1. 

Both  beams  and  cylinders  were  tested  in  a  damp  condition  immediately 
after  removal  from  storage,  except  in  the  case  of  the  group  in  which  com¬ 
bined  moist  and  dry  storage  was  used. 


Test  Data. 

Complete  data  of  the  tests  are  given  in  Tables  III  to  VIII  and  in 
Fig.  3  to  11.  Only  averages  are  reported;  in  most  instances  the  values 
are  the  average  of  5  tests  made  on  different  days. 


Discussion  of  Tests. 

The  flexural  strength  of  concrete  beams  is  measured  by  the  modulus 
of  rupture.  The  modulus  of  rupture  may  be  defined  as  the  tensile  stress 
developed  by  beam  action,  assuming  that  the  stress  and  deformation  are 
directly  proprotional  to  the  distance  from  the  neutral  axis  of  the  beam. 
The  modulus  of  rupture  of  a  rectangular  beam  freely  supported  at  the 
ends  and  loaded  at  the  one-third  points  of  the  span  is  determined  by  the 
following  relation: 


WL 

Rz= - 

bd2 


(1) 


Where  R  =  Modulus  of  rupture  of  the  material, 

IF  =r  Total  load  applied  at  one-third  points, 

L  —  Span  length, 
b  =  Breadth  of  beam, 
d  —  Depth  of  beam. 

In  case  of  most  of  the  beams  used  in  this  investigation  (width  10  in., 
depth  7  in.,  span  36  in.,  load  applied  at  one-third  points)  the  modulus  of 
rupture  is  given  by  the  relation: 

R  —  0.0731F  .  (2) 

Where  R  is  expressed  in  pounds  per  square  inch  and  W  in  pounds. 
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In  the  reinforced-concrete  beams  (Table  VIII)  the  modulus  of  rupture 
was  calculated  in  the  same  way,  that  is,  the  presence  of  steel  was 
disregarded. 

It  will  be  noted  that  tests  on  both  beams  and  cylinders  of  1 :  4  mix, 
aggregate  graded  0  to  iy2  in.,  relative  consistency  1.10,  stored  in  the  moist 
room  and  tested  in  damp  condition  at  age  of  28  days  appear  in  practically 
all  tables  and  figures.  This  was  considered  a  typical  mix  for  concrete 
roads.  These  conditions  gave  a  modulus  of  rupture  of  550  lb.  per  sq.  in. 
and  a  compressive  strength  of  2580  lb.  per  sq.  in.  These  values  are  based 
on  25  beam  tests  and  115  cylinder  tests,  made  throughout  the  series.  It 
is  interesting  to  note  how  this  group  of  tests  falls  into  each  of  the  classi¬ 
fications  into  which  the  data  have  been  divided. 

With  few  exceptions  the  beams  failed  by  nearly  vertical  cracks  between 
the  load  points. 

Effect  of  Position  of  Beam  During  Test.  In  general  the  beams  were 
loaded  as  molded;  that  is,  with  the  bottom  of  the  beam  in  tension.  It 
seemed  important  to  determine  whether  the  position  of  the  beam  exerted 
any  influence  on  its  flexu-ral  strength.  In  one  group  of  tests  the  beams 
were  tested  with  the  bottom  in  tension  and  with  bottom  in  compression. 
Results  of  these  tests  are  given  in  Table  III.  In  the  first  group  the  mixture 
varied  from  1:6  to  1:2;  in  the  second  group  the  mixture  was  1 :  4  by 
volume,  but  the  consistency  varied  from  relative  consistency  0.90  to  1.50. 
Aggregates  in  all  cases  consisted  of  a  mixture  of  sand  and  pebbles  graded 
up  to  I14  in.  Both  groups  of  tests  show  that  there  is  little  or  no  difference 
in  the  flexural  strength  of  the  beam  due  to  the  position  of  the  load;  the 
only  exception  to  this  statement  is  found  in  the  wetter  mixtures  which 
gave  a  higher  modulus  of  rupture  with  the  top  in  tension. 

Effect  of  Quantity  of  Cement.  The  tests  in  Table  III  also  give  informa¬ 
tion  on  the  effect  of  quantity  of  cement  on  the  flexural  strength  of  con¬ 
crete.  The  mixture  varied  from  1  :  6  to  1 :  2.  Each  point  on  the  modulus 
of  rupture  curve  in  Fig.  3  is  based  on  the  average  of  tests  of  20  beams 
(10  with  top  as  molded  in  tension  and  10  with  bottom  in  tension).  In¬ 
creasing  the  quantity  of  cement  increased  both  the  flexural  and  the  com¬ 
pressive  strength  of  the  concrete;  however,  the  modulus  of  rupture  was 
less  affected  by  the  quantity  of  cement  than  the  compressive  strength. 
The  modulus  of  rupture  was  relatively  lower  for  the  rich  mixtures  than 
for  the  lean,  as  compared  with  the  compressive  strength  of  6  by  12-in. 
cylinders  from  the  same  concrete.  The  modulus  of  rupture  for  the  richer 
mixes  (1:2  and  1:  2%)  was  about  14%  of  the  compressive  strength;  for 
the  leaner  mixtures  (1:6  and  1:5)  about  23%  of  the  compressive 
strength;  for  a  1 :  4  mix  (about  the  same  as  the  1 :  1%:  3  or  1:2:3  mixes 
usually  specified  for  concrete  roads)  the  modulus  of  rupture  was  about 
21%  of  the  compressive  strength  of  0  by  12-in.  cylinders.  For  the  usual 
range  of  mixtures  (1:  4  to  1:5)  the  ratio  was  about  23%. 
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FIG.  4. — EFFECT  OF  QUANTITY  OF  MIXING  WATER. 


Data  from  Table  III. 

Each  point  is  based  on  20  tests  of  each  kind,  made  on  10  different  days. 


Table  III. — Effect  of  Quantity  of  Cement  and  Mixing  Water. 

Aggregate:  Band  from  Janesville,  Wis.,  and  pebbles  from  Elgin,  Ill.;  graded  up  to  1)4  in.  Fineness 
modulus,  5.65. 

Age  at  test,  28  days. 

Specimens  tested  damp. 

Each  value  for  modulus  of  rupture  is  the  average  of  10  tests,  and  for  compressive  strength  20  tests,  made 
on  10  different  days. 


Modulus  of  Rupture 
of  Beams, 
lb.  per  sq.  in. 


Bottom* 


Top.* 


Aver. 


Compressive 
Strength  of 
6  by  12-in. 
Cylinders, 
lb.  per  sq.  in. 


Modulus  of 
Rupture, 
per  cent  of 
Compression. 


Effect  of  Quantity  of  Cement.  (See  Fig.  3.) 


1,  2 . 

1 

6 

16.4 

1.10 

1.03 

430 

420 

425 

1820 

23.4 

3,  4 . 

1 

5 

19.0 

1.10 

0.92 

500 

490 

495 

2140 

23.1 

5,  6 . 

1 

1)4 

20.7 

1.10 

0.87 

480 

510 

495 

2130 

23.2 

7,  8 . 

1 

1 

4 

23.0 

1.10 

0.82 

560 

540 

550  f 

2580  f 

21.3 

9,  10 . 

3'A 

25.4 

1.10 

0.76 

590 

540 

565 

2980 

19.0 

11,  12... 

1 

3 

28.7 

1.10 

0.71 

600 

590 

595 

3480 

17.1 

13,  14.... 

1 

2  H 

33.0 

1.10 

0.64 

590 

590 

590 

4110 

14.3 

15,  16... 

1 

2 

38.7 

1 .10 

0.59 

660 

620 

640 

4390 

14.6 

Average 

550 

540 

545 

2950 

19.5 

Effect  of  Quantity  of 

Mixing  Water.  (See  Fig. 

4.) 

17,  18.... 

1 

4 

23.8 

0.90 

0  68 

590 

560 

575 

3760 

15.3 

19,  20.... 

1 

4 

23.5 

0.95 

0.72 

580 

600 

590 

3280 

18.0 

21,  22.. . . 

1 

4 

23.4 

1.00 

0.75 

580 

560 

570 

3100 

18.4 

23,  24.. . . 

1 

4 

23.2 

1.05 

0.78 

570 

550 

560 

2720 

20.6 

7,  8 . 

1 

1 

4 

23.0 

1.10 

0.82 

560 

540 

550 1 

2580f 

21 .3 

25,  26.... 

4 

22.5 

1.25 

0.92 

460 

540 

500 

1920 

26.0 

27,  28.... 

1 

4 

22.3 

1.50 

1.08 

400 

500 

450 

1300 

34.6 

Average 

535 

550 

540 

2660 

22.0 

*  Part  of  concrete  beam  (as  molded)  which  was  exposed  to  tensile  stress  during  loading, 
t  Average  of  25  beam  tests  and  115  cylinder  tests;  the  same  values  are  used  in  Tables  IV  to  VIII. 
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Effect  of  Quantity  of  Mixing  Water  is  shown  in  Table  III  and  Fig.  4. 
Tests  were  made  on  1 :  4  mix  at  age  of  28  days.  The  quantity  of  mixing 
water  is  expressed  in  terms  of  relative  consistency  and  the  water-ratio  of 
the  concrete.  Consistency  1.00  is  such  as  to  give  a  flow  of  180.  A  rela¬ 
tive  consistency  of  0.90  is  about  as  dry  a  mix  as  can  be  considered  plastic 
with  this  method  of  molding  specimens;  a  consistency  of  1.50  is  quite  wet 
and  shows  considerable  free  water  on  top  of  the  concrete.  Both  the 
modulus  of  rupture  and  compressive  strength  were  reduced  by  increasing 


f /'ns ness  Mo&u/us  of  f gcps-egofe 

FIG.  5. — EFFECT  OF  SIZE  OF  AGGREGATE. 

Data  from  Table  IV. 

Janesville  sand  and  Elgin  pebbles ;  see  Table  II  for  sieve  analysis. 

Each  point  is  based  on  5  tests  of  each  kind  made  on  different  days. 

the  quantity  of  mixing  water.  However,  the  modulus  of  rupture  was  less 
affected  than  the  compressive  strength.  For  the  drier  mixtures  the 
modulus  of  rupture  was  15%  of  the  compressive  strength;  for  the  wetter 
mixtures  about  35%.  While  the  flexural  strength  of  the  wetter  mixtures 
is  relatively  higher  than  for  the  drier  ones,  it  should  be  noted  that  the 
modulus  of  rupture  of  consistency  1.50  is  450,  while  the  values  for  con¬ 
sistencies  0.95  to  1.10  averaged  about  570  lb.  per  sq.  in. — an  increase  of 
26%.  The  latter  consistencies  represent  those  which  should  be  aimed'  at 
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in  concrete  road  construction.  These  tests  confirm  other  tests  made  in 
this  Laboratory  and  elsewhere  in  showing  the  importance  of  restricting 
the  quantity  of  mixing  water  used  in  concrete. 

Effect  of  Size  of  Aggregate  is  shown  in  Table  IV  and  Fig.  5.  Tests 
were  made  on  1 :  4  mixtures,  using  aggregates  varying  in  size  from  16-mesli 


Table  IV. — Effect  of  Size  and  Grading  of  Aggregate. 


Aggregates:  sand  from  Janesville,  Wis.,  and  pebbles  from  Elgin,  Ill.  Aggregates  of  different  size  were 
obtained  by  separating  sand  and  pebbles  into  various  sizes  and  recombining  as  shown  by  sieve  analyses  in 
Table  II  and  Fig.  1.  Different  gradings  of  aggregates  were  produced  by  mixing  sand  (0  to  No.  4)  and 
pebbles  (No.  4  to  V/z  in.)  in  different  proportions. 

Mix,  1 :  4  by  volume.  Relative  consistency,  1.10. 

Specimens  tested  damp. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 


Aggregate. 

Water- 

Ratio 

of 

Con¬ 

crete. 

Modulus  of  Rupture 
of  Beams, 

Compressive  Strength 

6  by  12-in.  Cylinder, 

Modulus  of  Rupture, 
per  cent  of 

Ref. 

No. 

Fineness 

lb.  per  sq.  m. 

lb.  per  sq.  in. 

Compression. 

Sire. 

Mod¬ 

ulus. 

7  d. 

28  d. 

3  m. 

iy. 

7  d. 

28  d. 

3  m. 

ly. 

7  d. 

28  d. 

3  m. 

ly. 

Effect  of  Size  of  Aggregate.  (See  Fig.  5.) 


38 

0-18 

1.95 

1.29 

95 

160 

255 

340 

270 

620 

1190 

1600 

35.2 

25.8 

21.5 

21.2 

37 

0-8 

2.17 

1.25 

95 

195 

320 

370 

360 

850 

1470 

1860 

26.4 

23.0 

21.8 

19.9 

38 

0-4 

2.45 

1.20 

125 

250 

370 

425 

430 

1010 

1620 

2100 

29.4 

24.8 

22.8 

20.2 

39 

0-H 

4.00 

0.98 

290 

455 

595 

640 

1040 

2110 

2930 

4490 

27.9 

21.6 

20.3 

14.3 

40 

o -H 

5.00 

0.87 

365 

560 

730 

775 

1290 

2650 

3650 

4890 

28.3 

21 .2 

20.0 

15.9 

41 

o-l  M 

5.65 

0.82 

420 

550* 

810 

880 

1410 

2580  * 

3590 

5000 

29.8 

21.3 

22.6 

17.6 

Aver. 

230 

360 

510 

570 

800 

1640 

2410 

3320 

29.5 

22.9 

21.5 

18.2 

Effect  of  Grading  o?  Aggregate.  (See  Fig.  6.) 


29 

0-1G 

3.00 

1.11 

165 

255 

410 

450 

620 

1290 

1640 

2330 

26.6 

19.8 

25.0 

19.3 

30 

0-1 H 

4.00 

0.98 

230 

390 

505 

570 

950 

2000 

2550 

3230 

24.2 

19.5 

19.8 

17.7 

31 

0-1 4 

4.50 

0.93 

285 

485 

610 

645 

1090 

2190 

2750 

3830 

26.2 

22.2 

22.2 

16.9 

32 

0-14 

5.00 

0.87 

325 

505 

660 

710 

1160 

2410 

3580 

4510 

28.0 

21.0 

18.4 

15.8 

33 

o-m 

5.25 

0.85 

365 

555 

735 

820 

1320 

2940 

3810 

5340 

27.7 

18.9 

19.3 

15.4 

41 

0-14 

5.65 

0.82 

420 

550* 

810 

880 

1410 

2580* 

3590 

5000 

29.8 

21.3 

22.6 

17.6 

34 

o-i  t4 

6.00 

0.78 

405 

600 

735 

825 

1300 

2250 

3310 

4400 

31  .2 

26  7 

22.2 

18  8 

35 

0-14 

6.25 

0.77 

385 

500 

730 

865 

1140 

1990 

2840 

4080 

33.8 

29.6 

25.7 

21.2 

Aver. 

320 

490 

650 

720 

1120 

2210 

3010 

4090 

28.4 

22.4 

21.9 

17.8 

*  Average  of  25  beam  tests  and  115  cylinder  tests;  same  values  used  in  Tables  III,  V,  VI,  VII  and  VIII 


sand  to  a  concrete  aggregate  graded  up  to  iy2  in.  The  “effective  grading” 
of  the  aggregate  is  measured  by  the  fineness  modulus.  Tests  were  made 
at  ages  of  7  days,  28  days,  3  months  and  1  year.  With  the  same  quantity 
of  cement,  the  modulus  of  rupture  and  the  compressive  strength  of  the 
concrete  increased  rapidly  as  the  size  of  aggregate  was  increased,  up 
to  a  point  where  the  aggregate  became  too  coarse  for  the  quantity  of 
cement.  The  rate  of  increase  of  strength  of  concrete  was  nearly  pro- 
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portional  to  the  change  in  fineness  modulus  of  the  aggregate.  The 
modulus  of  rupture  at  28  days  varied  from  160  to  560  lb.  per  sq.  in.; 
and  the  compressive  strength  from  620  to  2650  lb.  per  sq.  in.  Except  for 
the  16-mesh  sand  the  ratio  between  the  modulus  of  rupture  and  the  com¬ 
pressive  strength  was  nearly  constant  for  a  given  age — 21  to  23%  at  28 
days.  In  other  words  the  transverse  and  the  compressive  strengths  are 


f/neness  Moc/u/us  of  Aggr-&£?of-& 

FIG.  6. — EFFECT  OF  GRADING  OF  AGGREGATE. 

Data  from  Table  IV. 

Aggregate  gradings  were  obtained  by  mixing  Janesville  sand  (0  to  No.  4) 
and  Elgin  pebbles  (No.  4  to  1 14-in-.)  in  different  proportions;  sieve  analysis 
given  in  Table  II. 

Each  point  is  based  on  5  tests  of  each  kind  made  on  different  days. 

affected  in  a  similar  manner  by  differences  in  the  size  of  aggregate,  as 
shown  by  the  practically  parallel  curves  for  a  given  age  in  Fig.  5. 

Effect  of  Grading  of  Aggregate  is  shown  in  Table  IV  and  Fig.  6.  Tests 
were  made  on  a  1:4  mix  at  ages  of  7  days,  28  days,  3  months  and  1  year. 
The  aggregates  of  different  grading  used  in  these  tests  were  produced 
by  mixing  different  proportions  of  sand  (0  to  No.  4)  and  pebbles  (No.  4  to 
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iy2  in.).  The  finest  grading  consisted  of  8G%  sand  and  14%  pebbles;  the 
coarsest  grading  consisted  of  14%  sand  and  86%  pebbles,  as  shown  by 
the  sieve  analyses  in  Table  I.  With  the  same  quantity  of  cement,  the 
modulus  of  rupture  and  the  compressive  strength  increased  rapidly  as  the 
grading  of  the  aggregate  was  made  coarser  (by  increasing  the  relative 
proportion  of  pebbles)  until  a  grading  was  reached  which  was  too  coarse 
for  the  quantity  of  cement.  The  flexural  and  compressive  strength  were 
affected  in  essentially  the  same  way  by  changes  in  grading  of  the  aggre¬ 
gate.  The  rate  of  increase  of  strength  of  the  concrete  was  nearly  propor¬ 
tional  to  the  increase  in  fineness  modulus  of  the  aggregate.  If  the  values 
in  Fig.  5  and  6  are  platted  on  the  same  diagram  it  will  be  found  that  they 
are  practically  coincident,  although  the  relation  between  the  strength  and 
fineness  modulus  of  the  aggregate  is  based  on  aggregate  gradings  made  up 
in  entirely  different  ways. 

Effect  of  Curing  Condition  of  Concrete;  mix  1 :  4  tested  at  the  age  of 
28  days.  The  results  are  given  in  Table  V  and  Fig.  7.  The  curing  condi¬ 
tions  ranged  from  28  days  under  damp  burlap  (moist  room  for  cylinders) 
to  2S  days  in  air  of  the  Laboratory.  The  flexural  strength  and  the  com¬ 
pressive  strength  were  affected  in  the  same  way,  as  shown  by  the  similarity 
of  the  curves  in  Fig.  7.  The  modulus  of  rupture  of  beams  cured  in  dry 
air  for  the  entire  period  of  28  days  was  370  lb.  per  sq.  in.;  cured  under 
damp  burlap  for  28  days  was  550  lb.  per  sq.  in.;  an  increase  of  48%. 
Curing  7  days  under  damp  burlap  and  21  days  in  dry  air  gave  470  lb. 
per  sq.  in.;  an  increase  of  27%  over  the  dry  air  storage  for  28  days.  It 
will  be  recalled  that  the  specimens  which  were  cured  under  the  most 
unfavorable  conditions  were  prevented  from  drying  out  for  the  first  24  hr. ; 
had  they  been  allowed  to  dry  out  from  the  beginning  the  modulus  of 
rupture  and  compressive  strength  would  have  been  still  lower.  These 
tests  show  the  great  advantage  of  damp  curing  on  both  the  flexural  and 
compressive  strengths  and  confirm  the  results  of  earlier  tests13  made  in 
this  Laboratory  and  elsewhere.14 

Effect  of  Depth  of  Beam;  1 :  4  mix,  tested  at  28  days.  The  depth  of 
beam  varied  in  this  group  from  4  to  10  in.  Data  are  given  in  Table  VI 
and  Fig.  8.  The  curves  show  that  the  modulus  of  rupture  was  only  slightly 
affected  by  the  depth  of  the  beam  within  the  range  of  these  tests.  There 
is  an  indication  of  somewhat  lower  values  for  the  deeper  beams.  The  4-in. 
beams  gave  a  modulus  of  rupture  of  545  lb.  per  sq.  in.;  the  8  and'  10-in. 
beams  averaged  525  lb.  per  sq.  in.  Flexural  tests  of  other  materials  have 
shown  that  wide  variations  in  ratio  of  depth  of  beam  to  span  produce 
important  variations  in  modulus  of  rupture;  in  general,  the  deeper  beams 
give  the  higher  values. 


13Effect  of  Curing  Condition  on  the  Wear  and  Strength  of  Concrete,  by 
Duff  A.  Abrams  ;  Bull.  2,  Struc.  Mat.  Research  Lab. 

I4Relation  between  Methods  of  Curing  Standard  Concrete  Test  Specimens 
and  Their  Compressive  Strength  at  28  days,  by  H.  W.  Green  ;  Free.  Am.  Soc. 
Testing  Mat.,  1919,  Part  II,  p.  607. 
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Effect  of  Kind  of  Aggregate.  Tests  were  made  on  1 :  4  mix  at  age  of 
7  days,  2S  days,  3  months  and  1  year,  using  the  following  aggregates: 

(1)  Janesville,  Wis.,  sand 

(a)  Elgin  pebbles  (limestone  origin) 

(b)  Crushed  blast  furnace  slag 

(c)  Crushed  limestone 

(d)  Crushed  granite  (Wisconsin) 


77/77 <?  Cured  /'n  Oc 7/77/7  Cone// //an  -  c/ayo 


FIG.  7. — EFFECT  OF  CU1UNG  CONDITION  OF  CONCRETE. 

Data  from  Table  V. 

Each  point  is  based  on  o  tests  of  each  kind  made  on  different  days. 
Beams  cured  under  damp  burlap,  cylinders  in  moist  room,  for  periods  shown 
by  abscissae. 


Table  V.- — Effect  of  Curing  Condition  of  Concrete. 

Mix,  1  :  4  by  volume.  Relative  consistency  of  concrete,  1.10;  water-ratio,  0.82. 

Age  at  test,  28  days. 

Aggregate:  sand  from  Janesville,  Wis.,  and  pebbles  from  Elgin,  Ill.;  graded  up  to  VA  in. 
Each  value  is  the  average  of  5  tests  made  on  different  days. 

Data  platted  in  Fig.  7. 


Ref. 

No. 

Sto 

Damp 

Burlap. 

rage. 

Dry 

Air. 

Modulus  of  Rupture 
of  Beams, 
lb.  per  sq.  in. 

Compressive  Strength  of 

6  by  12-in.  Cylinders, 
lb.  per  sq.  in. 

Modulus  of  Rupture, 
per  cent  of 
Compression. 

7,8 

28  d. 

0  [zero] 

550* 

2580* 

21.3 

42 

26  d. 

2d. 

510 

2630 

19.4 

43 

21  d. 

7  d. 

450 

2850 

15.8 

44 

14  d. 

14  d. 

485 

2920 

16.6 

45 

7  d. 

21  d. 

470 

3020 

15.6 

46 

4  d. 

24  d. 

410 

2330 

17.6 

47 

0  d. 

28  d. 

370 

2340 

15.8 

Average  465 

2670 

17.5 

Average  of  25  beam  tests  and  115  cylinder  tests;  same  values  used  in  Tables  III,  IV,  VI,  VII,  and  VIII. 


16  Structural  Materials  Research  Laboratory. 


7  and  28-day  tests  only  were  made  on  the  following  aggregates: 

(2)  Elgin,  Ill.,  sand  (limestone  origin)  washed 
(a)  Elgin  pebbles. 

(3)  Elgin  sand — unwashed 
(a)  Elgin  pebbles. 


'-//as  of  &  up  fun?  ( , 
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FIG.  8.— EFFECT  OF  DEPTH  OF  BEAM  ON  THE  FLEXURAL  STRENGTH  OF 
CONCRETE. 

Data  from  Table  VI. 

Plain  concrete  beams  4  to  10  in.  deep,  10  in.  wide,  loaded  at  Y$  points  of  a 
36-in.  span. 

Each  point  is  based  on  5  tests  of  each  kind  made  on  different  days. 


Table  VI.— Effect  of  Depth  of  Beam  on  the  Flexural  Strength 

of  Concrete. 

Mix,  1  :  4  by  volume.  Relative  consistency  of  concrete,  1.10;  water-ratio,  0.82. 

Aggregate:  sand  from  Janesville,  Wis.,  and  pebbles  from  Elgin,  III.;  graded  up  to  llA  in. 

Age  at  test,  28  days. 

Specimens  tested  damp. 

Each  value  is  the  average  o'  5  tests  made  on  different  days. 

Data  platted  in  Fig.  8. 


Ref.  No. 

Depth 

Modulus  of  Rupture 

Compressive  Strength  of 

Modulus  of  Rupture, 
per  cent  of 

of  Beam, 

of  Beams, 

6  x  12-in.  Cylinders, 

inches. 

lb.  per  sq.  in. 

lb.  per  sq.  in. 

Compression. 

48 

4 

545 

1  f 

21.2 

50 

5 

540 

20.9 

52 

53 

6 

7 

490 

550* 

2580*  1 

19.0 

21.3 

51 

8 

535 

20.8 

49 

10 

510 

J  i 

19.8 

Average  530 

20.6 

*  Average  of  25  beam  tests  and  115  cylinder  tests;  same  values  used  in  Tables  III,  IV,  V,  VII  and  VIII. 


The  coarse  aggregate  (and  consequently  the  total  aggregate  in  each 
batch)  were  similarly  graded.  The  sieve  analyses  are  given  in  Table  II 
and  Fig.  2.  There  was  no  great  discrepancy  between  the  flexural  and 
compressive  strengths  given  by  the  pebbles,  slag  and  limestone;  the  granite 
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gave  somewhat  lower  values  both  in  flexure  and  compression.  The  reason 
for  this  probably  lies  in  the  low  absorption  of  the  granite.  The  absorption 
of  water  by  the  other  aggregate  resulted  in  a  lowering  of  the  water-ratio  of 
the  batch,  although  the  concrete  was  mixed  to  the  same  consistency  or 
workability  at  the  beginning.  The  washed  Elgin  sand  (silt  0.5%)  gave 
values  for  modulus  of  rupture  a  little  lower  than  unwashed  (silt  2.0%), 


FlG.  9. - RELATION  BETWEEN  STRENGTH  AND  WATER-RATIO  OF  CONCRETE. 

Data  from  Tables  III  to  VII. 

Plain  concrete  beams  10  In.  wide,  7  in.  deep,  loaded  at  Y>,  points  of  a  00  in. 
span  ;  compression  tests  of  0  by  12-in.  cylinders. 


but  the  compressive  strength  was  slightly  higher,  indicating  that  there  is 
little  difference  in  strength  of  concrete  due  to  slight  differences  in  silt 
content.  The  objection  to  the  use  of  sands  of  high  silt  content  is  not  that 
the  strength  of  concrete  of  proper  consistency  is  materially  reduced,  but 
that  with  wet  mixes  frequently  used  in  concrete  road  construction  the  silt 
is  floated  to  the  surface  where  it  produces  a  weak  and  friable  concrete. 

Effect  of  Age  of  Concrete.  In  Tables  IV  and  VII,  both  flexural  and 
compression  tests  are  reported  on  1 :  4  mixes  at  ages  of  7  days,  28  days, 
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Table  VII. — Effect  of  Kind  of  Aggregate. 

Mix,  1  :  4  by  volume. 

Relative  consistency,  1.10;  water-ratio,  0.82. 

Aggregate:  sand,  0  to  No.  4;  and  coarse  aggregate,  No.  4  to  1J4  in.;  all  of  same  grading. 
Specimens  tested  damp. 

Age  at  test,  28  days. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 


Ref. 

No. 

Kind  of  Aggregate. 

Modulus  of  Rupture 
of  Beams, 
lb.  per  sq.  in. 

Compressive  Strength 
of  6  by  12-in  Cylinders, 
lb.  per  sq.  in. 

Modulus  of  Rupture, 
per  cent  of 
Compression. 

Sand. 

Coarse. 

7  d. 

28  d. 

3  m. 

iy. 

7  d. 

28  d. 

3  m. 

iy- 

7  d. 

28  d. 

3  m. 

ly. 

7,8 

Janesville . 

Elgin  pebbles 

420 

550* 

810 

880 

1410 

2580* 

3590 

5000 

29.8 

21.3 

22.6 

17.6 

54 

Janesville . 

Slag . 

450 

585 

765 

760 

1240 

2300 

3150 

4530 

36.3 

25.4 

24.3 

16.8 

55 

Janesville . 

Limestone  . . 

440 

595 

790 

830 

1320 

2350 

3280 

3970 

33.4 

25.3 

24.1 

20.9 

56 

Janesville . 

Granite . 

375 

540 

665 

725 

1010 

1980 

2960 

3760 

37.1 

27.3 

22.4 

19.3 

57 

Elgin  washed . . 

Elgin  pebbles 

405 

595 

1490 

2640 

27.2 

22.5 

58 

Elgin  unwashed 

Elgin  pebbles 

425 

610 

1340 

2520 

31.7 

24.2 

Average 

420 

580 

760 

800 

1300 

2390 

3240 

4320 

32.6 

24.3 

23.4 

18.8 

*  Averge  of  25  beam  tests  and  115  cylinder  tests;  same  values  used  in  Tables  III,  IV,  V,  VI  and  VIII. 


Table  VIII. — Effect  of  Number  of  Steel  Reinforcing  Bars. 


Beams:  Depth,  7  in.;  width,  10  in.;  span,  36  in. 

Longitudinal  reinforcing  bars  were  spaced  equally  across  the  width  and  1  in.  from  the  bottom  of  the  beam 
The  total  depth  of  beams  varied  from  6.9  to  7.1  in. 

Mix,  1  :  4  by  volume.  Aggregate:  sand  and  pebbles  graded  0  to  1M  in. 

Relative  consistency  of  concrete,  1.10;  water-ratio,  0.82. 

Age  at  test,  28  days. 

Specimens  tested  damp. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Compressive  strength  of  6  by  12-in.  concrete  cylinders  (average  of  115  tests)  was  2580  lb.  per  sq.  in. 


Ref. 

No. 

Number 
of  54-in. 
Round 
Steel  Bars. 

Percent¬ 
age  of 
Steel. 

Total 
Load  on 
Beam, 
pounds. 

Computed  Stresses,  lb. 

per  sq.  in. 

Type  of 
Beam 
Failure. 

Tension 

in 

Steel. 

Compression 

in 

Top  Fibre. 

Bond. 

Shearing 

Unit 

Stress. 

Modu¬ 
lus  of 
Rup¬ 
ture. 

7.8 

0 

None 

7,870f 

70 

550 f 

Tension 

59 

1 

0.18 

7,850 

73,000* 

1470* 

570 

70 

560* 

Tension 

60 

2 

0.36 

10,390 

49,400* 

1460* 

380 

90 

730* 

Tension 

61 

3 

0.54 

15,010 

49,100* 

1850* 

380 

140 

1085* 

Tension 

62 

4 

0.72 

19,640 

48,900* 

2190* 

380 

180 

1435* 

Diagonal  shear 

63 

6 

1.09 

25,800 

43,800* 

2500* 

340 

240 

1885* 

Diagonal  shear 

64 

8 

1.46 

28,060 

36,800* 

2530* 

290 

270 

1990* 

Diagonal  shear 

*  Tension  in  concrete  not  considered  in  computing  steel  stress  or  top  fibre  stress.  Steel  not  considered 
as  taking  stress  in  computing  modulus  of  rupture. 

t  Average  of  25  beam  tests;  same  values  used  in  Tables  III  to  VII. 
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3  months  and  1  year.  The  values  from  these  tests  are  platted  in 
Fig.  11.  These  tests  show  that  both  the  flexural  and  compressive  strength 
are  proportional  to  the  logarithm  of  the  age  of  the  concrete.  The  llexural 
strength  increased  less  rapidly  than  compression,  as  shown  by  the  average 


FIG.  10. — RELATION  BETWEEN  THE  TRANSVERSE  AND  COMPRESSIVE  STRENGTH 

OF  CONCRETE. 

Data  from  Tables  III  and  IV. 

Plain  concrete  beams  10  in.  wide,  7  in.  deep,  loaded  at  Yi  points  of  a  36-in. 
span  ;  compression  tests  of  6  by  12-in.  cylinders. 


ratio  of  flexure  to  compressive  strength  of  30%  at  7  days,  23%  at  28  days, 
22%  at  3  months  and  18%  at  1  year.  Other  studies  of  the  effect  of  age  on 
the  compressive  strength  of  concrete15  have  shown  that  this  logarithmic 
relation  holds  indefinitely  so  long  as  the  concrete  does  not  dry  out. 

15Eflfect  of  Age  on  the  Strength  of  Concrete,  by  Duff  A.  Abrams,  Proc.  Am. 
Soc.  Testing  Mat.,  1918,  Part  II ;  see  also  Concrete,  July,  1921,  p.  14. 
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FIG.  11. — EFFECT  OF  AGE  ON  THE  TRANSVERSE  STRENGTH  OF  CONCRETE. 
Data  from  Tables  IV  and  VII. 

Each  point  is  the  average  of  several  different  gradings,  or  kinds  of 
aggregate. 

Beams  cured  under  damp  burlap  ;  cylinders  in  moist  room. 


Compress /Ve  ^fren g  //?  —  /£>.  per'  sg.  /n. 
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Relation  between  Modulus  of  Rupture  and  Compressive  Strength. 
Many  of  the  tables  show  the  modulus  of  rupture  in  terms  of  the  com¬ 
pressive  strength  of  the  concrete.  The  values  for  28-day  tests  from  Tables 
III  to  VII  inclusive  are  platted  in  Fig.  10.  The  upper  diagram  gives  the 
actual  values  and  shows  a  fairly  consistent  relation  between  the  modulus 
of  rupture  and  the  compressive  strength  regardless  of  the  mixture,  con- 


FIG.  12. - RELATION  BETWEEN  TRANSVERSE  AND  COMPRESSIVE  STRENGTH  OF 

CONCRETE.  (BY  FULLER  AND  THOMPSON.) 

From  “Laws  of  Proportioning  Concrete.”  Trans.  Am.  Soc.  Civil  Eng.,  v.  59, 
p.  67  (1907). 

sistency,  size  and  grading  of  aggregate,  etc.  This  relation  may  be  expressed 
by  the  equation: 

R  —  0.29$ — 0.000032S2  .  (3) 

where  R  —■  modulus  of  rupture  of  plain  concrete  beams 

S  —  compressive  strength  of  G  by  12-in.  concrete  cylinder. 
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This  is  the  equation  of  the  upper  curve  in  Fig.  5  when  stresses  are 
given  in  pounds  per  square  inch.  The  modulus  of  rupture  is  relatively 
higher  for  the  weak  concrete;  at  28  days  it  is  about  26%  of  the  com¬ 
pressive  strength  for  1000-lb.  per  sq.  in.  concrete;  22%  for  2000-lb.;  19% 
for  3000-lb.  and  15%  for  4000-lb.  concrete. 

Relation  between  Strength  and  Water-Ratio  of  Concrete.  The  water- 
ratio  is  defined  as  the  ratio  of  volume  of  water  to  volume  of  cement  in  the 
batch.  A  water-ratio  of  0.75  to  1.00  covers  the  usual  range  of  mixtures. 
In  platting  Fig.  9  only  28-day  tests  from  Tables  III  and  IV  were  used. 
It  will  be  noted  that  the  water-ratio  was  varied,  due  to  the  following 
causes : 

( 1 )  Quantity  of  cement, 

(2)  Consistency  of  concrete, 

(3)  Size  of  aggregate, 

(4)  Grading  of  aggregate. 

In  spite  of  the  wide  differences  in  the  cause  of  variation  of  water-ratio, 
it  is  found  that  the  relation  between  strength  and  water-ratio  can  be 
expressed  by  a  single  curve  for  each  form  of  test.  The  lower  curve  shows 
the  usual  relation  which  has  been  found  between  the  compressive  strength 
and  water-ratio.16  The  upper  curve  shows  the  relation  between  water- 
ratio  and  modulus  of  rupture  of  concrete  to  be  of  an  entirely  different 
form  from  that  found  for  compression.  The  compressive  strength  drops 
off  rapidly  at  first,  then  less  rapidly  with  an  increase  in  the  quantity  or 
mixing  water.  The  modulus  of  rupture  drops  off  slowly  at  first,  then 
more  rapidly.  The  comparison  between  these  relations  may  be  best 
seen  by  a  specific  example.  Fig.  9  shows  that  by  increasing  the  water- 
ratio  from  0.80  to  1.20  (an  increase  of  50%  in  mixing  water)  the  com¬ 
pressive  strength  is  reduced  from  2750  to  about  950  lb.  per  sq.  in.;  and 
the  modulus  of  rupture  from  550  to  240  lb.  per  sq.  in.  In  other  words, 
the  wetter  concrete  gives  a  compressive  strength  of  about  y3  and  a  modulus 
of  rupture  of  about  %  that  produced  by  the  concrete  in  which  care  was 
taken  to  restrict  the  mixing  water  to  a  reasonable  quantity. 

Effect  of  Number  of  Steel  Reinforcing  Bars.  In  one  group  of  tests, 
beams  of  standard  size  were  reinforced  with  1  to  8  %-in.  round  steel  bars, 
placed  with  centers  6  in.  below  the  top  of  the  beam.  Table  VTII  gives 
total  loads,  the  computed  tensile  stress  in  the  steel,  compressive  stress  in 
the  top  fiber  of  beams,  the  bond  stress  between  the  concrete  and  steel,  shear¬ 
ing  unit  stress  and  modulus  of  rupture.  In  calculating  the  tension  in  the 
steel,  the  stresses  carried  by  the  concrete  was  not  considered;  in  com¬ 
puting  the  modulus  of  rupture  the  stress  carried  by  the  steel  was  not 
considered.  The  tests  show  that  no  effect  is  produced  by  one  reinforcing 
bar.  Upon  failure  of  the  concrete  the  stress  is  transmitted  to  the  rein¬ 
forcing  bar.  The  stress  carried  by  one  bar  when  stressed  to  the  ultimate 
simply  counterbalances  the  failure  of  the  concrete  in  tension.  With  4  to  8 
bars,  failure  was  produced  by  diagonal  tension  which  did  not  develop  the 
tensile  strength  of  the  steel. 

15Design  of  Concrete  Mixtures,  by  Duff  A.  Abrams;  Bull.  1,  Structural 
Materials  Research  Lab.,  1918. 
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Uniformity  of  Tests.  The  tables  and  diagrams  show  unusual  uni¬ 
formity  in  the  tests  in  this  series.  In  only  a  few  instances  are  the  points 
off  the  smooth  curves  which  represent  the  relations  between  strength  and 
other  factors.  The  strength  of  concrete  depends  on  so  many  factors;  it  is 
inevitable  that  some  discrepancies  should  appear.  The  making  of  five  or 
more  test  pieces  on  different  days  seems  to  eliminate  most  accidental  varia¬ 
tions.  The  methods  followed  in  making  these  tests  are  recommended  to 
others  who  may  be  engaged  in  concrete  testing. 


Earlier  Flexural  Tests  of  Concrete. 

Fig.  12  gives  the  results  of  flexural  and  compression  tests  of  concrete 
made  by  Fuller  and  Thompson,  and  published  in  their  paper  on  Laws  of 
Proportioning  Concrete.17  These  tests  cover  a  narrow  range  of  strengths, 
but  in  general,  they  show  about  the  same  general  relation  as  that  found 
in  Fig.  10. 

Fig.  13  gives  results  of  tests  made  by  R.  Feret18  on  mortar  beams 
4  by  4  by  16  cm.  The  relation  between  modulus  of  rupture  and  compressive 
strength  is  somewhat  similar  to  that  given  in  Fig.  10. 

Flexural  tests  of  mortars  were  carried  out  by  the  U.  S.  Geological 
Survey  at  St.  Louis,  1905-08. 19 


Flexural  Strength  of  Other  'Materials. 

The  following  notes  on  the  flexural  and  compressive  strength  of  other 
materials  than  concrete  may  be  of  interest: 

Marble.  Tests  made  by  the  Bureau  of  Standards  on  21/4-in.  cubes  in 
compression  and  beams  1 V2  to  2  in.  deep,  3  to  4  in.  wide,  span  6  to  10  in. 
show  that  the  modulus  of  rupture  is  uniformly  about  15%  of  the  com¬ 
pressive  strength  for  marbles  ranging  in  strength  from  8000  to  28,000  lb. 
per  sq.  in.  The  tensile  strength  of  marble  briquets  1-in.  square  was  about 
one-half  the  modulus  of  rupture.  (Tech.  Paper  123,  Tests  of  Commercial 
Marbles,  by  T).  W.  Kessler,  1919.) 

Slate.  Tests  made  by  M.  O.  Fuller  showed  modulus  to  vary  from  75  to 
100%  of  compressive  strength.  Modulus  of  rupture  tests  were  made  on 
beams  1  in.  wide,  26  in.  long  and  *4,  x/2,  1  and  iy2  in.  deep;  compression 
tests  were  made  on  2-in.  cubes.  (Physical  and  Electrical  Properties  of 
Slate,  Bull.  Lehigh  University,  1921.) 


17Trans.  Am.  Soc.  Civil  Eng.,  V.  59,  p.  67,  1907. 
lsEtucle  Experimental  clu  Ciment  Arine,  p.  576,  1906. 

19Portland  Cement  Mortars  and  Their  Constituent  Materials,  by  Humphrey 
and  Jordan.  Bull.  331,  U.  S.  Geol.  Survey,  190S. 
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Building  Brick.  As  a  result  of  an  exhaustive  series  of  tests  carried 
out  by  the  Committee  on  Brick  of  the  American  Society  for  Testing  Mate¬ 
rials,  the  following  values  were  found  for  different  classes  of  building 
brick : 


Glass 

Modulus  of  Rupture 

Compression 

Ratio,  percent 

A 

1482 

8493 

17.5 

B 

668 

4171 

16.0 

C 

621 

2791 

22.0 

D 

469 

1762 

27.0 

Compression  tests  were  made  on  whole  brick,  loaded  flatwise;  modulus 
of  rupture  tests  on  brick  loaded  flatwise  on  7-in.  span.  (Proc.  A.  S.  T.  M., 
1915,  Part  I.) 


Comprese/ve  Strength  -  rg.  per  sg  cm. 

FIG.  13. — RELATION  BETWEEN  TRANSVERSE  AND  COMPRESSIVE  STRENGTH  OF 
CONCRETE.  (BY  FERET. ) 


From  “Etude  Expcrimcntale  du  Cimcnt  Arm6,”  p.  57G  (1006). 


Gypsum.  Tests  made  by  W.  A.  Slater  showed  modulus  of  rupture  of 
gypsum  43  to  52%  of  compressive  strength;  6  by  6  by  18-in.  beams  and 
8  by  16-in.  cylinders,  35%  water,  age  at  test,  10  days.  (Jl.  West.  Soc. 
Eng.,  Sept.,  1919,  p.  441.) 

Cast-iron.  Kirkaldy’s  tests  on  469  samples  of  cast-iron  showed  an 
average  modulus  of  rupture  of  38,000  and  a  compressive  strength  of 
121,000  lb.  per  sq.  in.  (ratio  31%).  Modulus  of  rupture  tests  were  made 
on  bars  2  by  1  by  36-in.  loaded  edgewise.  (Materials  of  Construction,  by 
J.  B.  Johnson,  4th  Ed.,  1898,  p.  447.) 


Flexural  Strength  of  Plain  Concrete. 
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Conclusions. 

The  tests  give  definite  results  on  the  ilexural  and  compressive  strength 
of  concrete  for  a  wide  range  of  mixtures,  consistencies,  size  and  grading 
of  aggregates,  curing  conditions,  kind  of  aggregate,  etc. 

The  relation  between  modulus  of  rupture  and  compressive  strength  is 
not  uniform;  for  the  weak  mixtures  the  modulus  of  rupture  is  relatively 
higher  than  for  the  strong  mixtures.  An  equation  is  given  which  expresses 
this  relation.  For  usual  concrete  mixtures  the  modulus  of  rupture  under 
the  conditions  of  these  tests,  was  about  22%  of  the  compressive  strength. 

Essentially  the  same  strength  was  developed  by  the  beams  loaded  with 
top  in  tension  and  with  bottom  in  tension ;  in  the  wetter  mixtures  the 
values  were  somewhat  lower  for  bottom  in  tension. 

Increasing  the  quantity  of  cement  increased  both  flexural  and  com¬ 
pressive  strength  of  the  concrete.  The  modulus  of  rupture  was  less  affected 
by  variations  in  the  quantity  of  cement  than  the  compressive  strength. 

Both  modulus  of  rupture  and  compressive  strength  of  the  concrete 
were  reduced  by  increasing  the  quantity  of  mixing  water.  The  modulus 
of  rupture  was  less  affected  by  the  change  in  mixing  water  than  the 
compressive  strength. 

With  the  same  quantity  of  cement,  the  modulus  of  rupture  increased 
rapidly  as  the  size  of  the  aggregate  increased  or  the  grading  became 
coarser  (up  to  the  point  where  the  aggregate  became  too  coarse  for  the 
quantity  of  cement).  The  rate  of  increase  in  strength  was  essentially  the 
same  in  beams  and  cylinders. 

The  flexural  and  compressive  strength  of  concrete  were  affected  in  the 
same  way  by  variations  in  curing  condition  of  the  concrete.  The  advantage 
of  curing  in  damp  condition  was  fully  brought  out  by  the  tests.  Curing 
in  damp  condition  for  28  days  gave  a  modulus  of  rupture  of  48%  higher 
than  1  day  in  damp  condition  and  27  days  in  dry  air. 

The  modulus  of  rupture  of  concrete  was  only  slightly  affected  by  the 
depth  of  the  beam.  The  values  for  beams  8  and  10  in.  deep  were  about 
4%  higher  than  for  the  4-in.  beams. 

There  was  no  great  discrepancy  between  the  flexural  and  compressive 
strength  of  concrete  made  from  pebbles,  crushed  slag  and  crushed  lime¬ 
stone.  Granite  gave  somewhat  lower  values,  probably  due  to  low  absorption 
of  the  aggregate. 

Both  flexural  and  compressive  strength  of  concrete  cured  in  a  damp 
condition  until  tested  were  proportional  to  the  logarithm  of  the  age. 

These  tests  show  the  same  relation  between  water-ratio  and  com¬ 
pressive  strength  of  concrete  that  has  been  found  in  earlier  tests.  How¬ 
ever,  the  relation  between  water -ratio  and  modulus  of  rupture  was  of  an 
entirely  different  form. 

The  methods  of  test  used  in  this  investigation  were  found  to  give 
satisfactory  results  as  shown  by  the  uniformity  of  the  values  in  the  various 
groups  of  tests. 
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TESTS  OF  IMPURE  WATERS  FOR  MIXING  CONCRETE. 

By  Duff  A.  Abrams. 


SUMMARY  AND  CONCLUSIONS. 

Strength  tests  of  portland  cement  concrete  were  made  at  ages  of  3 
days  to  2  1/3  years  using  mixing  waters  of  a  wide  range  of  types,  many 
of  which  were  thought  to  be  unsuitable  for  use  in  concrete.  Sixty-eight 
samples  of  water  were  tested  in  two  different  investigations;  38  samples 
were  collected  from  different  sections  of  the  country;  18  were  from  the 
Chicago  district;  the  remaining  12  samples  were  distilled  waters,  synthetic 
sea  water  and  solutions  of  common  salt.  Among  the  waters  tested  were 
sea  and  alkali  waters,  bog  waters,  mine  and  mineral  waters,  waters  contain¬ 
ing  sewage  and  industrial  wastes,  and  solutions  of  common  salt.  Tests 
of  fresh  waters  (including  distilled)  were  made  for  purpose  of  comparison. 

About  6000  tests  are  included  in  this  report.  Reference  is  made  to  a 
number  of  other  investigations  on  related  subjects. 

Series  187. — 50  samples  of  water  were  used  in  1 :  4  concrete  of  relative 
consistency  1.10  and  tested  after  curing  under  the  following  conditions: 

(a)  Moist  room,  tested  at  ages  of  3  days  to  2  1/3  yr., 

(b)  Moist  room  28  days,  then  in  air  of  laboratory,  tested  at  3  mo.  to 

2  1/3  yr. 

Series  188. — 18  samples  including  sewage  and  trade  wastes  from  the 
Chicago  district,  were  used  in  concrete  cured  in  moist  room  as  follows : 

(a)  1:7,  1:5,  1:4,  1:3  and  1:  2  mixtures,  relative  consistency  1.00, 

tested  at  28  days. 

(b)  1:  4  concrete  mix,  relative  consistency  0.90,  1.00,  1.10,  1.25,  and 

1.50,  tested  at  28  days. 

(c)  1:  4  concrete  mix;  relative  consistency  1.00,  tested  at  3,  7,  and 

28  days,  3  mo.,  1  and  2  1/3  yr. 

( d )  1:3  standard  sand  mortar,  tension  tests  of  briquets  and  com¬ 

pression  tests  of  2  by  4-in.  cylinders  at  ages  given  in  (c). 

Concrete  and  mortar  tests  were  made  in  accordance  with  standard 
methods.  In  general,  5  to  10  concrete  specimens,  and  5  mortar  specimens 
were  made  in  a  set  on  different  days. 

Time  of  setting  and  soundness  tests  of  cement  were  made  with  each 
sample  of  mixing  water. 

The  principal  conclusions  from  these  tests  are : 

(1)  In  spite  of  the  wide  variation  in  the  origin  and  type  of  the  waters 
used,  and  contrary  to  previously  accepted  opinion,  most  of  the  impure 
waters  gave  good  results  in  concrete,  probably  due  to  the  fact  that  the  • 

quantity  of  injurious  impurities  present  was  quite  small.  The  following 
samples  gave  concrete  strengths  below  the  strength-ratio  of  85  per  cent 
which  was  considered  the  lower  limit  for  acceptable  mixing  waters:  Acid 
waters,  lime  soak  from  tannery,  refuse  from  paint  factory,  mineral  water 
from  Colorado,  and  waters  containing  over  5  per  cent  of  common  salt. 
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( 2 )  The  quality  of  a  mixing  water  is  best  measured  by  the  ratio  of  its 
28-day  concrete  or  mortar  strength  to  that  of  similar  mixes  with  fresh 
water.  While  the  lowest  permissible  strength-ratio  is  a  matter  of  judg¬ 
ment,  waters  giving  strength-ratios  which  in  general  fall  below  85  per  cent 
should  be  considered  unsatisfactory;  if  only  isolated  tests  are  made,  80 
per  cent  should  be  the  limiting  value.  The  time-of-setting  test  appears  to 
be  an  unsafe  guide  as  to  the  suitability  of  a  water  for  mixing  concrete. 

(3)  Neither  odor  nor  color  are  any  indication  of  quality  of  water  for 
mixing  concrete.  Waters  which  were  most  unpromising  in  appearance,  gave 
good  results.  It  may  safely  be  said,  however,  that  any  natural  water  which 
is  suitable  for  drinking  can  be  used  without  question  for  mixing  concrete. 

(4)  Distilled  water  gave  concrete  strengths  essentially  the  same  as 
other  fresh  waters. 

(5)  Bog  waters  which  were  thought  to  be  unsuitable  for  mixing  con¬ 
crete  generally  contained  only  small  quantities  of  foreign  materials  and 
gave  good  results.  The  strength-ratios  for  the  individual  samples  were 
seldom  below  90  per  cent. 

(6)  Sulphate  waters  produced  little  or  no  ill  effects  until  a  S04  con¬ 
centration  of  about  1  per  cent  was  reached.  For  a  concentration  of  0.5 
per  cent  the  average  reduction  in  strength  was  about  4  per  cent;  a  con¬ 
centration  of  1  per  cent  was  required  to  produce  a  reduction  in  strength 
of  more  than  10  per  cent. 

(7)  Concrete  mixed  with  sea  water  (about  3.5  per  cent  salts,  mostly 
sodium  chloride)  and  cured  in  the  moist  room  gave  higher  strengths  than 
fresh-water  concrete  at  ages  of  3  and  7  days;  at  28  days  and  over,  the 
strength-ratios  for  sea  water  ranged  from  80  to  88  per  cent.  Air-cured  con¬ 
crete  mixed  with  sea  water  was  lower  in  strength  than  similar  fresh-water 
concrete  at  3  mo.,  but  showed  a  recovery  in  strength  at  later  ages  and  gave 
strengths  equal  to  that  obtained  with  fresh  water.  (In  spite  of  the  satis¬ 
factory  strength  results,  it  seems  unwise  to  use  sea  water  in  reinforced- 
concrete  construction,  particularly  in  the  tropics  on  account  of  danger  of 
corrosion  of  reinforcement. ) 

(8)  Synthetic  sea  water  gave  concrete  and  mortar  strengths  similar 
to  natural  sea  water. 

(9)  Concrete  mixed  with  water  from  the  Great  Salt  Lake  (about  20 
per  cent  sodium  chloride)  gave  strength-ratios  from  65  to  77  per  cent  at 
ages  of  28  days  and  over.  This  water  is  not  satisfactory  for  mixing  con¬ 
crete,  unless  allowance  is  made  for  about  30%  reduction  in  strength. 

(10)  Water  from  Devil’s  Lake,  North  Dakota  (0.15  per  cent  sodium 
sulphate  and  0.15  per  cent  sodium  chloride),  gave  normal  concrete  strengths 
and  showed  no  ill  effects. 

(11)  Water  from  Medicine  Lake,  South  Dakota  (3.5  per  cent  solution 
of  sulphates,  largely  magnesium;  S04  concentration  2.8  per  cent),  gave 
strengths  similar  to  that  obtained  with  sea  water.  The  lowest  strength- 
ratio  was  84  per  cent. 

(12)  Waters  from  drains  and  small  streams  in  sulphate  districts  gave 
satisfactory  strengths  at  ages  up  to  2  1/3  yr.  The  lowest  strength-ratios 
were  about  90  per  cent. 
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(13)  Concrete  made  with  solutions  of  common  salt  and  cured  until 
test  in  a  moist  room  showed  a  slight  increase  in  strength  at  3  days  for 
solutions  of  10  per  cent  and  less.  Solutions  of  low  concentration  (1  and  2 
per  cent)  also  showed  a  slight  increase  in  strength  at  7  days;  after  7 
days,  however,  all  concentrations  gave  material  reductions  in  strength. 
Strength-ratios  as  low  as  60  per  cent  were  found  for  a  20  per  cent  solution 
at  early  ages  and  for  10  per  cent  and  15  per  cent  solutions  at  the  later  ages. 
Concrete  made  with  salt  solutions  and  cured  in  the  moist  room  for  28  days, 
then  in  air,  gave  results  at  3  mo.  almost  identical  with  that  obtained  for 
moist-room  curing.  For  this  curing  condition,  the  addition  of  salt  reduced 
the  strength  at  1  yr.  about  12  per  cent;  at  2  1/3  yr.  there  was  no  reduction 
in  strength.  The  apparently  conflicting  results  for  moist-room  and  air¬ 
curing  have  not  been  explained. 

(14)  The  use  of  common  salt  for  the  purpose  of  lowering  the  freezing 
point  of  the  mixing  water  during  cold  weather  should  not  be  permitted;  5 
per  cent  of  salt  lowers  the  freezing  point  of  water  about  6°  F.,  but  reduces 
the  strength  of  concrete  about  30  per  cent. 

(15)  Mine  and  mineral  waters  gave  good  results  in  concrete,  with  the 
exception  of  a  carbonated  mineral  water  from  Colorado  which  gave 
strength-ratio  as  low  as  80  per  cent.  Pumpage  waters  from  coal  and 
gypsum  mines  also  gave  good  results  in  concrete. 

(16)  Water  containing  sanitary  sewage  gave  essentially  the  same  con¬ 
crete  strength  as  fresh  water.  Water  from  the  Illinois  River,  which  car¬ 
ries  sewage  from  Chicago,  gave  strength-ratios  at  28  days  and  3  mo.  of  83 
and  85  per  cent  for  moist-room  curing;  for  air-curing  strength-ratios 
ranged  from  92  to  102  per  cent. 

(17)  Waters  containing  refuse  from  oil  refineries  gave  erratic 
strengths.  These  samples  generally  gave  strengths  near  normal,  but  in 
some  cases  material  reductions  in  strength  were  found.  Setting  time  of 
cement  with  one  water  sample  was,  initial  10  hr.,  final  42  hr. 

(18)  “Bubbly  Creek”  water,  which  was  highly  polluted  with  wastes 
from  the  Chicago  Stockyards  and  gave  off  an  offensive  odor  showed 
strength-ratios  of  about  100  per  cent  for  all  ages,  mixes  and  consistencies. 

(19)  Tannery  wastes  generally  gave  reductions  in  concrete  strength; 
the  lowest  strength-ratios  were  about  80  per  cent  (lime  soak  water). 

(20)  Brewery  and  soap  works  Avastes  gave  concrete  strengths  essen¬ 
tially  the  same  as  that  of  fresh  water. 

(21)  Waste  from  a  gas  plant  and  a  corn  products  factory  gave  good 
results;  the  strength-ratios  ranged  from  90  to  100  per  cent. 

(22)  Paint  factory  waste  water  gave  strength-ratios  from  80  to  90%. 

(23)  A  spent  plating  bath  containing  sulphuric  acid,  after  dilution  to 
10  and  20  per  cent  of  its  original  concentration,  gave  strength-ratios  as 
low  as  85  per  cent  for  the  10  per  cent  solution  and  75  per  cent  for  the  20 
per  cent  solution.  For  different  consistencies  both  solutions  gave  about 
the  same  strength-ratios  which  ranged  from  88  to  106  per  cent.  Lower 
strength-ratios  were  obtained  with  the  rich  concretes  than  with  the  lean. 

( 24 )  The  strength  of  concrete  mixed  with  all  samples  of  impure  waters 
showed  normal  increase  at  28  days  with  additional  quantities  of  cement. 
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The  impure  waters  gave  about  the  same  strength-ratios  regardless  of  the 
mix  used  in  the  concrete  tests.  For  the  usual  range  in  mixtures  ( 1 :  5  to 
1:4)  the  strength  increased  about  1  per  cent  for  each  1  per  cent  addi¬ 
tional  cement. 

(25)  There  was  a  marked  reduction  in  strength  of  concrete  with  in¬ 
crease  in  quantity  of  mixing  water  for  both  fresh  and  impure  waters.  In¬ 
creasing  the  quantity  of  mixing  water  1  per  cent  reduced  the  strength  of 
concrete  about  the  same  amount  as  if  the  quantity  of  cement  were  reduced 
1  per  cent.  A  comparatively  slight  increase  in  quantity  of  mixing  water 
produced  a  greater  reduction  in  concrete  strength  than  that  caused  by  the 
use  of  the  most  polluted  mixing  water  that  is  ordinarily  encountered.  These 
tests  show  the  importance  of  the  water-ratio  strength  relation  in  concrete 
which  has  been  pointed  out  in  numerous  other  reports  from  this  Laboratory. 

(26)  The  effect  of  impure  waters  was  in  general  independent  of  the 
consistency  of  the  concrete.  Acid  waters  from  a  spent  plating  bath  gave 
somewhat  higher  strength-ratios  in  the  wetter  concretes. 

(27)  The  strength  of  concrete  cured  in  a  damp  condition  at  normal 
temperatures  increased  with  age  for  both  fresh  and  impure  waters.  The 
strength  was  approximately  proportional  to  the  logarithm  of  the  age  at  test. 

(28)  The  effect  of  impure  mixing  waters  on  the  tensile  and  compres¬ 
sive  strength  of  1 :  3  standard  sand  mortar  at  ages  of  3  days  to  2  1/3  yr. 
was  generally  similar  to  that  on  the  compressive  strength  of  concrete.  In 
the  mortar  tests  a  few  waters  gave  somewhat  higher  strength-ratios  and 
one  water  gave  a  somewhat  lower  strength-ratio  than  was  obtained  in 
concrete. 

(29)  The  percentage  of  water  required  for  normal  consistency  of  ce¬ 
ment  when  mixed  with  the  impure  water  was,  with  a  few  exceptions,  about 
the  same  as  for  fresh  waters.  Water  from  Great  Salt  Lake,  solutions  of  5 
to  20  per  cent  of  common  salt,  refuse  from  an  oil  refinery,  Medicine  Lake 
water,  and  acid  water  from  a  spent  plating  bath,  required  somewhat  higher 
percentages  for  normal  consistency  than  fresh  water. 

(30)  The  time  of  setting  of  portland  cement  mixed  with  the  impure 
waters  was  about  the  same  as  for  fresh  waters;  however,  there  were  some 
notable  exceptions.  In  most  instances  the  samples  giving  low  concrete 
strength-ratios  were  slow  setting.  On  the  whole  the  tests  show  that  time 
of  setting  is  not  a  satisfactory  test  for  suitability  of  a  water  for  mixing 
concrete. 

(31)  None  of  the  impure  waters  caused  unsoundness  of  the  portland 
cement  when  subjected  to  the  standard  test  over  boiling  water. 

(32)  Most  specifications  for  water  for  mixing  concrete  are  so  worded 
that  they  would,  if  strictly  enforced,  exclude  nearly  all  but  rain  water  and 
distilled  water;  these  tests  have  shown  that  almost  any  impurity  may  be 
present  without  necessarily  producing  ill  effects.  The  important  point  is 
not  whether  impurities  are  present,  but  do  the  impurities  occur  in  injurious 
quantities  ? 

(33)  The  effect  of  sugar  and  similar  compounds  was  not  studied; 
earlier  tests  have  shown  that  these  compounds  are  most  detrimental  and 
must  be  avoided. 


TESTS  OF  IMPURE  WATERS  FOR  MIXING  CONCRETE. 

By  Duff  A.  Abrams. 

INTRODUCTION. 

Water  is  one  of  the  essential  constituents  of  concrete,  hence  it  is  im¬ 
portant  to  establish  the  effect  of  both  quantity  and  quality  of  mixing  water 
on  the  strength  and  other  properties  of  concrete.  Tests  made  in  this  and 
other  laboratories  have  shown  the  effect  of  quantity  of  mixing  water;  the 
present  investigation  covers  an  experimental  study  of  the  effect  of  quality 
of  mixing  water.* 

In  many  sections  of  the  country  the  possibility  of  building  concrete 
structures,  especially  concrete  roads,  may  depend  on  the  suitability  of  the 
local  waters  which  may  be  contaminated  with  various  impurities;  alkali 
waters,  bog  waters,  and  waters  containing  sewage,  mine  pumpage,  or  other 
trade  wastes  are  characteristic  of  many  important  industrial  districts. 

A  few  tests  from  other  sources  have  been  reported  on  the  effect  of 
sewage  on  the  strength  and  time  of  setting  of  cement;  many  tests  have 
been  made  using  sea  water.  Earlier  tests  were  limited  in  number  and 
scope;  they  were  in  general  made  on  cement  or  sand  mortar  briquets,  hence 
gave  little  direct  information  on  the  concrete-making  quality  of  the  waters. 
This  appears  to  be  the  first  comprehensive  study  of  the  effect  of  impure 
mixing  waters  on  the  strength  of  concrete. 

68  separate  samples  of  water  were  tested  in  two  different  series  of 
investigations.  38  samples  were  collected  from  many  sections  of  the  coun¬ 
try.  18  of  the  samples  were  from  the  Chicago  district;  the  remaining  12 
samples  included  distilled  waters,  synthetic  sea  water  and  solutions  of 
common  salt.  In  general  the  waters  were  of  a  nature  which  was  believed 
to  be  unsatisfactory  for  mixing  concrete.  Parallel  tests  were  made  on  sev¬ 
eral  samples  of  clean,  fresh  waters.  The  samples  may  be  classified  as 
follows : 

Fresh,  clean  waters  (in  general  potable)  ; 

Minnesota  bog  waters; 

Sea  and  alkali  waters; 

Mine  and  mineral  waters; 

Water  contaminated  with  sewage  and  industrial  wastes; 

Solutions  of  common  salt. 

♦See  following  reports  for  the  effect  of  quantity  of  mixing  water: — 

Effect  of  Consistency  on  Strength  of  Concrete ;  Jl.  Am.  Concrete  Inst., 
Oct. -Nov.,  1914. 

Strength  and  Other  Properties  of  Concrete,  by  Wig  and  others ;  Technologic 
Paper  68,  U.  S.  Bureau  of  Standards,  1916. 

Effect  of  Grading  of  Sands  and  Consistency  of  Mix  upon  the  Strength  of 
Plain  and  Reinforced-Concrete,  by  L.  N.  Edwards ;  Proc.  Am.  *Soc.  Testing  Mate¬ 
rials,  Part  II,  1917. 

Strength  of  Concrete ;  Its  Relation  to  the  Cement,  Aggregates  and  Water, 
by  Talbot  and  Richart;  Bulletin  137,  Eng.  Experiment  Station,  Univ.  of  Ill.,  1923. 

Bulletins  1,  2,  5,  8,  and  11  of  the  Structural  Materials  Research  Lab. 

Economic  Value  of  Admixtures,  by  Pearson  and  Hitchcock ;  Proc.  Am.  Con¬ 
crete  Inst.,  1924. 
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The  tests  described  in  this  paper  were  confined  to  the  use  of  impure 
waters  in  mixing  concrete;  the  use  of  impure  waters  for  curing  concrete 
was  not  studied. 

These  tests  were  a  part  of  the  experimental  studies  of  the  properties 
of  concrete  and  concrete  materials  being  carried  out  through  the  co-opera¬ 
tion  of  Lewis  Institute  and  the  Portland  Cement  Association  at  the  Struc¬ 
tural  Materials  Research  Laboratory,  Lewis  Institute,  Chicago. 

OUTLINE  OF  TESTS. 

This  report  includes  two  series  of  tests  and  gives  the  results  of  about 
6000  strength  tests  of  pertland  cement  concrete  and  mortar.  Series  137 
was  confined  to  a  1:4  concrete  using  50  separate  samples  of  water ;  in 
Series  138,  18  separate  samples  were  used  in  concrete  of  a  wide  range  of 
mixes  and  consistencies.  In  both  series  concrete  tests  were  made  at  ages 
of  3  days  to  2  1/3  yr. 

Series  137. —  (Specimens  made  Aug.  to  Nov.,  1920)  consisted  of  com¬ 
pression  tests  of  about  2200  4  x  8 -in.  concrete  cylinders  using  50  different 
samples  of  mixing  water.  A  description  of  the  waters  is  given  in  Table  1, 
chemical  analyses  in  Table  2. 

Tests  of  1 :  4  concrete,  relative  consistency  1.10  were  made  for  the 
following  curing  conditions:  (Table  10) 

(a)  Moist  room  until  tested  at  3,  7  and  28  days,  3  mo.,  1  and  2  1/3  yr. 

(b)  Moist  room  28  days,  remainder  in  air  tested  at  3  mo.,  1  and 

2  1/3  yr.  ' 

Time  of  setting  and  soundness  tests  of  the  cement  using  each  mixing 
water  are  given  in  Table  8.  Miscellaneous  tests  of  cement  and  aggregates 
are  given  in  Tables  5  to  7. 

In  general  each  value  of  concrete  strength  is  the  average  of  5  or  6 
tests  made  on  different  days. 

Series  138. —  (Specimens  made  April  and  May,  1921).  This  series  in¬ 
cluded  tests  on  18  different  waters  most  of  which  were  from  the  Chicago 
district.  Compression  tests  were  made  on  about  2700  6  x  12-in.  concrete 
cylinders,  540  (each)  2  x  4-in.  standard-sand  mortar  cylinders  and  briquets. 
A  description  of  the  water  samples  is  given  in  Table  3;  chemical  analyses 
in  Table  4. 

Tests  were  made  as  follows: 

(a)  Concrete,  1:7,  1:5,  1:4,  1:3  and  1:  2  mixes  by  volume;  rela- 

L,  tive  consistency  1.00;  age  at  test  28  days.  (Table  11.) 

(b)  Concrete,  1:  4  mix;  relative  consistency  0.90,  1.00,  1.10,  1.25  and 

1.50;  age  at  test  28  days.  (Table  12.) 

(c)  Concrete,  1:  4  mix;  relative  consistency  1.00;  age  at  test  3,  7  and 

28  days,  3  mo.,  1  and  2  1/3  yr.  (Table  13.) 

(d)  Briquet  and  2  x  4-in.  cylinder  tests  of  1:  3  standard  sand  at  ages 

given  under  (c).  (Table  14.) 

(e)  Time  of  setting  and  soundness  tests  of  the  cement  were  made 

using  each  mixing  water.  (Table  9.) 
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All  concrete  specimens  were  cured  in  moist  room  until  test;  mortar 
cylinders  and  briquets  were  cured  in  water  after  tlie  first  24  hr.  and  tested 
at  the  ages  given  above. 

The  strengths  of  concrete  given  in  the  tables  are  the  average  of  10 
tests  made  on  different  days;  for  the  mortar,  5  tests. 

MATERIALS. 

Water. — 39  of  the  50  samples  of  water  in  Series  137  were  collected  in 
about  10-gal.  lots.  About  50-gal.  lots  of  13  different  waters  representing 
what  were  considered  the  worst  qualities  to  be  found  in  the  Chicago  dis¬ 
trict  were  collected  for  test  in  Series  138.  The  solutions  of  common  salt 
and  the  synthetic  sea  waters  were  prepared  at  the  Laboratory;  the  distilled 
waters  were  purchased  in  Chicago;  the  Lake  Michigan  waters  were  from 
the  city  water  supply.  For  details  of  the  water  samples  see  Tables  1  to  4. 

Portland  Cement  consisted  of  a  mixture  of  equal  parts  of  5  brands 
purchased  in  Chicago.  About  the  first  two-thirds  of  the  specimens  in 
Series  137  were  made  from  Cement  Lot  4951,  and  the  remainder  from 
Cement  5075.  In  Series  138,  concrete  and  mortar  tests  were  made  from 
Cement  5259.  Chemical  analyses  of  the  cements  are  given  in  Table  5; 
standard-sand  mortar  tests  of  the  cements  using  Lake  Michigan  water  are 
given  in  Table  6. 

Aggregate  for  concrete  tests  in  both  series  consisted  of  sand  and  peb- 
bles  from  Elgin,  Ill.  For  Series  137  the  aggregate  was  graded  0  to  %-in.; 
for  Series  138,  0  to  1%-in.  In  order  to  secure  a  uniform  grading  of  aggre¬ 
gate,  the  sand  and  pebbles  were  separated  into  the  following  sizes  and 
recombined  to  the  sieve  analyses  shown  in  Table  7:  0-No.  4;  No.  4-%  in.; 
%-%;  %*1%. 

TEST  PIECES. 

In  Series  137  the  strength  tests  were  made  on  4  x  8  in.  concrete  cyl¬ 
inders;  in  Series  138,  on  6  x  12-in.  cylinders.  In  Series  138  compression 
tests  were  made  on  2  x  4-in.  cylinders  and  tension  tests  on  briquets  of 
1 :  3  standard  sand.  Concrete  specimens  were  made,  cured  and  tested  in 
accordance  with  “Tentative  Methods  of  Making  Compression  Tests  of  Con¬ 
crete”  (Serial  Designation:  C39-21T)'  of  the  American  Society  for  Testing 
Materials;  mortar  specimens  in  accordance  with  the  Standard  and  Tenta¬ 
tive  Specifications  of  the  American  Society  for  Testing  Materials. 

The  concrete  mixtures  were  expressed  in  terms  of  1  volume  of  cement 
to  a  given  number  of  volumes  of  aggregate,  dry  and  nodded  after  combining 
to  the  grading  used.  Concrete  was  mixed  by  hand  with  a  blunted  trowel 
in  metal  pans  in  batches  of  sufficient  size  for  three  4  x  8-in.  cylinders  or 
one  6  x  12-in.  cylinder. 

The  quantity  of  mixing  water  was  the  same  for  similar  concrete,  except 
insofar  as  differences  in  normal  consistency  of  the  cement  dictated  small 
variations.  The  plasticity  of  the  concrete  was  measured  by  means  of  the 
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“Ilovv-table”.*  The  flow-table  consists  of  a  circular  metal  plate  attached  to 
a  frame  in  such  a  way  that  it  can  be  raised  arid  dropped  by  means  of  a 
cam.  The  test  is  made  by  rodding  the  freshly-mixed  concrete  into  the 
mold  on  the  metal  table.  The  mold  consists  of  a  truncated  metal  cone  (top 
diameter  6%  in.,  bottom  diameter  10  in.,  height  5  in.).  After  the  mold 
is  filled,  it  is  immediately  withdrawn  and  the  table  raised  and  dropped 
y2  in.,  15  times  in  about  10  seconds.  The  base  diameter  of  the  mass  of 
concrete  after  the  test,  expressed  as  a  percentage  of  the  original  diameter, 
is  the  “flow.” 

The  concrete  cylinder  forms  were  of  cold-drawn  steel  tubing,  slotted 
along  one  element.  In  making  the  specimens  the  forms  were  placed  on 
machined  cast-iron  plates.  The  concrete  was  placed  in  3  layers,  each 
layer  being  rodded  30  times  with  a  %-in.  bullet-pointed  steel  rod.  Three 
to  four  hours  after  making,  the  specimens  were  capped  with  neat  cement 
(which  had  been  allowed  to  stand  3  to  6  hr.  after  mixing)  and  the  cap 
made  plane  by  means  of  a  machined  plate  which  was  worked  down  to  the 
top  of  the  form. 

The  forms  were  removed  after  16  to  20  hr.  and  the  specimens  placed 
in  the  moist  room.  In  general  they  remained  in  the  moist  room  until  test; 
for  a  portion  of  Series  137  they  were  cured  in  air  after  28  days  in  the 
moist  room. 

Concrete  tests  were  made  in  a  200,000-lb.  universal  testing  machine. 
The  load  was  applied  through  a  spherical  bearing  block  placed  on  top  of 
the  cylinder. 

DISCUSSION  OF  TESTS. 

The  results  of  the  strength  tests  of  concrete  and  mortar  are  given  in 
Tables  10  to  22  and  Figs.  1  to  7.  The  most  striking  feature  of  this 
investigation  was  that  in  spite  of  the  wide  range  in  type  of  mixing  waters, 
the  samples,  with  a  few  exceptions,  gave  good  results  in  concrete. 

The  waters  used  ranged  from  distilled  water  to  water  containing 
nearly  250,000  parts  per  million  of  solids.  The  impurities  consisted  of 
alkaline  salts,  sewage,  industrial  wastes  of  various  kinds  and  miscellaneous 
salts,  minerals  and  other  impurities  found  in  mines,  deep  wells,  bogs,  etc. 

The  following  discussion  points  out  briefly  the  principal  features  of 
these  tests.  Chief  emphasis  is  placed  on  the  results  of  tests  of  the  1 :  4 
concrete;  this  mix  was  used  throughout  Series  137  and  in  the  bulk  of  the 
tests  in  Series  138  and  represents  the  quality  of  concrete  used  in  road  con¬ 
struction  and  other  high-grade  work. 

Criterion  of  Quality  of  Mixing  Water. — In  this  discussion  the  quality 
of  mixing  water  will  be  measured  by  comparing  its  concrete  strength  with 
that  of  fresh  water  tested  at  the  same  time,  in  the  same  mix,  at  the  same 

♦See  “Measuring  Flowability  of  Concrete  by  Flow  Table,”  Concrete,  June, 
1920,  v.  16,  p.  274 ;  Eng.  News-Rec.,  May  27,  1920,  p.  1044. 

Time  of  Set  of  Concrete,  by  Watson  Davis;  Proc.  Am.  Soc.  Testing  Mate¬ 
rials,  v.  21,  p.  99-5,  1921. 

Economic  Value  of  Admixtures,  by  Pearson  and  Hitchcock ;  Proc.  Am, 
Concrete  Inst.,  1924. 
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age,  etc.  The  “strength-ratios”  computed  on  this  basis  are  given  in  the 
tables.  While  the  lowest  permissible  strength-ratio  is  a  matter  of  judg¬ 
ment,  we  have  considered  that  waters  which  give  strength-ratios  less  than 
85  per  cent  were  unsatisfactory  for  mixing  concrete.  This  is  a  rigid  re¬ 
quirement,  since  some  allowance  must  be  made  for  accidental  variations  in 
the  tests.  Such  a  rigid  requirement  is  justified  in  this  discussion  only 
because  we  have  made  a  large  number  of  tests  at  the  same  time,  under 
carefully  controlled  conditions.  Where  isolated  tests  of  concrete  or  mortar 
are  relied  upon,  the  limiting  strength-ratio  should  be  reduced  to  80  per 
cent  or  75  per  cent. 

The  following  waters  gave  concrete  strength-ratios  below  85  per  cent, 
hence  are  considered  unsatisfactory : 

Acid  waters, 

Lime  soak  from  tannery, 

Refuse  from  paint  factory, 

Waters  containing  over  5  per  cent  of  common  salt, 

Mineral  water  from  Montrose,  Colorado. 

Fresh  waters  were  collected  from  city  supplies  and  rivers  and  were 
such  as  would  usually  be  accepted  without  question  for  mixing  concrete. 
In  Series  137,  8  samples  may  be  so  classified.  Tests  on  Lake  Michigan  and 
distilled  water  were  repeated  in  different  portions  of  the  investigations. 

Considerable  difficulty  was  experienced  in  classifying  some  of  the  sam¬ 
ples;  for  instance,  Sample  37  from  Youghiogheny  River,  Pa.,  was  said  to 
contain  sewage  and  industrial  wastes,  but  the  analysis  showed  it  to  be 
remarkably  free  from  impurities,  hence  it  was  grouped  with  the  fresh 
waters. 

In  each  series  the  average  strength  of  concrete  made  from  the  fresh 
waters  was  used  as  a  basis  for  studying  the  values  from  impure  waters 
(Table  15).  The  percentages  secured  in  this  way  are  referred  to  as  the 
“strength-ratios”  of  the  concrete  for  a  given  mix,  age,  curing  condition,  etc. 

The  two  series  have  one  group  of  tests  in  which  the  concrete  was 
quite  similar,  that  is,  the  1:4  mix,  relative  consistency  1.10,  tested  at  28 
days;  strengths  of  3080  and  3350  lb.  per  sq.  in.  were  obtained  for  Series 
137  and  138,  respectively.  This  is  a  satisfactory  agreement,  considering 
that  a  smaller  size  of  test  piece  and  a  smaller  aggregate  were  used  in  the 
first  series,  and  that  the  concrete  was  mixed  from  different  lots  of  materials 
about  9  mo.  apart. 

The  higher  strengths  in  Series  138  (Table  15)  may  be  attributed  prin¬ 
cipally  to  the  drier  consistency  used. 

The  8  different  samples  of  fresh  water  in  Series  137  gave  essentially 
the  same  results  throughout  the  period  covered  by  the  tests,  that  is,  3  days 
to  2  1/3  yr. ;  the  mean  variation  of  the  samples  from  the  average  was 
about  5  per  cent. 

Distilled  Water  gave  concrete  strengths  essentially  the  same  as  other 
fresh  waters;  the  slight  discrepancies  which  occur  in  a  few  instances  may 
be  attributed  to  accidental  variations  in  the  tests. 
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Impure  IF alers. — Comments  on  a  given  type  of  water  are  grouped 
together  and  refer  to  both  series  of  tests.  In  general  comparisons  are  made 
on  the  basis  of  the  strength-ratios  as  compared  with  the  average  of  the 
fresh  waters  used  in  the  same  mixes,  etc.,  in  the  same  series. 

The  average  concrete  strengths  and  strength-ratios  of  each  of  the  6 
groups  of  waters  tested  at  different  ages  in  Series  137  are  plotted  in  Fig.  3. 
Similar  data  for  each  of  the  samples  in  Series  138  are  shown  in: 

Fig.  4  Effect  of  Quantity  of  Cement, 

Fig.  5  Effect  of  Consistency  of  Concrete, 

Fig.  6  Effect  of  Age  of  Concrete. 

Bog  Waters. — 7  samples  of  bog  waters  which  were  thought  to  be  un¬ 
suitable  for  mixing  concrete  were  collected  in  Minnesota.  The  chemical 
analyses  of  these  waters  showed  only  small  quantities  of  foreign  matter; 
the  total  solids  was  frequently  lower  than  in  Lake  Michigan  water.  In 
general,  these  waters  gave  good  results  in  concrete  at  all  ages  (See  Table 
10  and  Fig.  3).  The  average  strengths  for  individual  waters  did  not  often 
vary  more  than  10  per  cent  from  the  average  for  the  fresh  waters.  The 
mean  variation  from  the  average  concrete  strength  for  the  fresh  waters  at 
a  given  age  was  about  G  per  cent. 

Alkali  Waters  include  all  the  samples  in  Group  3  and  4  of  Series  137, 
synthetic  sea  water  and  water  from  Medicine  Lake  in  Series  138.  For 
convenience  the  discussion  of  the  tests  will  be  presented  under  the  follow¬ 
ing  headings;  sea  water,  synthetic  sea  water,  Great  Salt  Lake,  Devil’s 
Lake,  Medicine  Lake,  waters  from  tile  drains  and  small  streams  in  sulphate 
districts  and  solutions  of  common  salt.  Some  of  the  mine  and  mineral 
waters  (Group  5,  Series  137)  showed  a  higher  sulphate  content  than  cer¬ 
tain  samples  in  Group  3,  but  it  seemed  best  to  preserve  this  classification. 

Sea  Water. — Series  137  included  tests  on  2  samples  of  sea  water  col¬ 
lected  from  different  points  on  the  New  Jersey  coast.  These  samples  were 
handled  separately  throughout.  The  average  strength-ratios  are  given  in 
Table  16.  For  sake  of  comparison  the  values  for  synthetic  sea  water  are 
included. 

Sea  water  (and  synthetic  sea  water)  had  an  accelerating  effect  on  the 
early  hardening  of  concrete  as  shown  by  the  strength-ratios  of  124  per  cent 
to  137  per  cent  at  3  days.  At  an  age  of  about  10  days,  the  strength  was 
equal  to  that  of  fresh  water;  from  28  days  to  2  1/3  yr.,  the  strength-ratios 
ranged  from  80  to  88  per  cent  for  moist-room  curing.  The  specimens  cured 
in  moist  room  for  28  days  and  remainder  in  air  showed  a  decided  recovery 
as  indicated  by  the  strength-ratios  of  88,  100,  and  96  per  cent  at  3  mo., 
1  and  2  1/3  yr.  Sea  water  gave  normal  results  in  the  time  of  setting  tests. 

Synthetic  Sea  Water. — A  3.5  per  cent  solution  of  salts  consisting  prin¬ 
cipally  of  sodium  chloride  and  magnesium  sulphate  in  fresh  water  is  fre¬ 
quently  used  in  experimental  work  as  a  substitute  for  natural  sea  water. 
(For  analysis,  see  Tables  2  and  4.)  The  parallel  tests  for  moist-room 
curing  in  Series  137  and  138  showed  a  close  agreement  considering  that 
different  lots  of  materials  were  used,  etc.  The  specimens  cured  in  air 
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showed  about  the  same  increase  in  strength-ratios  as  the  natural  sea  water. 
Tables  11  and  12  show  that  neither  mix  (quantity  of  cement)  nor  the  con¬ 
sistency  of  the  concrete  (quantity  of  mixing  water)  exerted  much  influence 
on  the  strength-ratios  of  concrete  made  from  synthetic  sea  water  at  28 
days.  The  strength-ratios  are  summarized  in  Table  16.  Synthetic  sea 
water  produced  the  same  effect  in  concrete  as  natural  sea  water. 

Numerous  instances  are  on  record  in  which  sea  water  was  used  in 
mixing  concrete  with  apparently  good  results;  however,  experienced  engi¬ 
neers  are  practically  unanimous  in  the  belief  that  sea  water  should  not 
be  used  for  mixing  in  reinforced-concrete  work,  particularly  in  the  tropics.* 

Great  Salt  Lake  Water  (Sample  5)  contained  about  20  per  cent  of 
salts  in  solution.  Analyses  of  this  water  reported  by  different  authorities 
show  concentrations  ranging  from  14  to  27  per  cent.f  In  general  the  salts 
consisted  of  sodium  chloride,  although  magnesium  and  calcium  salts  and 
sulphates  were  present.  The  strength-ratios  were  112,  91,  77,  76,  71  and 
65  per  cent  at  3,  7  and  28  days,  3  mo.,  and  1  and  2  1/3  yr.,  respectively. 
This  water  is  not  considered  satisfactory  for  mixing  concrete,  unless  we 
take  into  account  the  fact  that  the  concrete  strength  will  be  reduced  to 
about  70  per  cent  of  normal. 

Devil’s  Lake  Water,  N.  D.  (Sample  26)  contained  about  0.4  per  cent 
of  salts  in  solution,  largely  sodium  sulphate  and  sodium  chloride  in  about 
equal  amounts.  This  water  gave  strength-ratios  of  102,  107,  99,  96,  98  and 
90  per  cent  for  the  ages  mentioned  above. 

Medicine  Lake  Water,  S.  D.  (Sample  105)  consisted  of  about  3.5  per 
cent  solution  of  sulphates,  largely  magnesium  and  gave  strengths  about 
the  same  as  sea  water.  The  strength-ratios  were  110,  102,  88,  84,  88  and 
92  per  cent. 

Waters  from  Tile  Drains  and  Small  Streams  in  Alkali  Districts. — 
Samples  of  water  from  tile  drains  and  small  streams  were  collected  in  the 
alkali  districts  of  Minnesota,  Colorado,  Utah  and  New  Mexico.  (5  samples 
from  Group  3,  Series  137.)  The  S04  content  of  these  waters  ranged  from 
1060  to  7700  parts  per  million.  These  samples  gave  satisfactory  concrete 
strengths  at  ages  up  to  2  1/3  yr.;  the  average  strength-ratios  were  115, 
103,  99,  98,  100  and  94  per  cent.  The  values  for  air-curing  were  some¬ 
what  higher  than  for  moist-room  curing.  The  lowest  values  were  found  for 
Samples  31  and  46  from  Utah. 

Effect  of  SOi  Content  of  Mixing  Water. — In  Fig.  1  a  study  has  been 
made  of  the  relation  between  the  strength  of  1 :  4  concrete  and  the  S04 


♦See  “Concrete  Viaducts  on  the  Key  West  Extension  of  the  Florida  East 
Coast  Railway,”  by  G.  P.  Carver  ;  Eng.  Record,  Oct.  20,  1906. 

“Bad  Effects  Resulting  from  Use  of  Salt  Water  in  Reinforced-concrete  Struc¬ 
tures  Built  in  Tropical  Countries,”  by  J.  L.  Harrison  ;  Abstract  Eng.  News, 
v.  76,  p.  1047,  Nov.  30,  1916. 

f“Data  of  Geochemistry,”  by  F.  W.  Clarke,  Bull.  695,  U.  S.  Geological  Sur¬ 
vey,  1920. 
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content  of  the  mixing  water  for  all  the  samples  in  Series  137.  The  dia¬ 
gram  shows  that,  on  the  whole,  little  or  no  ill  effects  were  produced  by 
sulphates  until  the  concentration  of  S04  in  mixing  water  reached  1.0  per 
cent.  For  0.5  per  cent  the  average  reduction  in  strength  as  shown  by  the 
curves  was  4  per  cent;  a  concentration  of  1  per  cent  (10,000  parts  per 
million)  was  required  to  produce  a  reduction  in  strength  of  concrete  of 
more  than  10  per  cent. 

Solutions  of  Common  Salt—  Tests  were  made  using  solutions  of  com¬ 
mon  salt  (sodium  chloride)  in  concentration  up  to  20  per  cent  as  mixing 
water.  Tests  were  made  at  ages  of  3,  7  and  28  days,  3  mo.,  1  and  2  1/3  yr. 
for  specimens  cured  in  moist  room  and  at  ages  of  3  mo.,  1  and  2  1/3  yr. 
for  specimens  cured  2S  days  in  moist  room  and  remainder  in  air.  Con¬ 
centrations  of  1  and  2  per  cent  of  common  salt  produced  a  slight  increase 
in  strength  at  early  ages;  at  later  ages  the  strength-ratios  were  below 
“par,”  even  for  these  low  concentrations.  Data  of  the  tests  are  plotted 
in  Figs.  2  and  3.  There  was  quite  a  wide  difference  due  to  curing  condi¬ 
tions.  For  moist-room  curing,  even  for  the  low  concentrations,  the 
strength-ratios  decreased  rapidly  as  the  concentration  was  increased  and 
as  the  age  at  test  increased.  Concentrations  of  5,  10,  15  and  20  per  cent 
salt,  gave  strength-ratios  at  28  days  of  75,  68,  65  and  61  per  cent;  the 
ratios  at  ages  of  3  mo.  to  2  1/3  yr.  were  in  general  still  lower. 

The  tests  on  air-cured  specimens  gave  results  at  variance  with  those 
secured  for  moist-room  curing;  at  ages  of  1  and  2  1/3  yr.  the  strengths 
for  air-curing  compared  favorably  with  those  for  the  fresh  water. 

There  is  an  old  rule  for  concrete  work  in  cold  weather  to  the  effect 
that  freezing  of  concrete  can  be  prevented  by  adding  to  the  mixing  water 
1  per  cent  of  salt  for  each  degree  Fahrenheit  below  the  freezing  point. 
Such  a  rule  is  to  be  found  in  many  text -books  published  during  the  past 
40  years.* 

The  following  values  f  indicate  the  freezing  point  of  water  containing 
different  quantities  of  common  salt: 


Salt  in  Water 
Per  Cent  by 
Weight 

Freezing  Point 
of  Solution 
°F. 

Strength-Ratios 
of  Concrete 

7  days 

28  days  to  2  1/3  yr. 

0 

32.0 

100 

100 

1 

30.5 

104 

93 

2 

29.3 

103 

85 

5 

25.2 

94 

72 

10 

18.7 

84 

66 

20 

6.1 

75 

60 

*This  rule  is  attributed  to  Tetmajer,  by  Taylor  and  Thompson ;  see  “Con¬ 
crete  Plain  and  Reinforced,”  1916,  p.  287. 

t“Mechanical  Engineers  Handbook,”  by  Marks. 
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4  to  0.  For  all  mixes,  consistencies  and  ages  tlie  concrete  strengths  were 
essentially  the  same  as  that  produced  by  fresh  water.  Judged  by  any  of 
the  usual  standards,  this  water,  prior  to  these  tests,  would  not  have  been 
considered  acceptable  for  mixing  concrete,  yet  the  tests  show  it  to  give 
good  results. 

Brewery  Waste  (Sample  107)  gave  concrete  strengths  almost  identical 
with  fresh  water  for  different  mixes  and  consistencies  at  28  days  and  for 
the  1 :  4  mix  at  different  ages. 

Soap  Works  Waste  (Sample  109)  gave  concrete  strengths  almost  iden¬ 
tical  with  that  of  fresh  water. 

Gas  Plant  Waste. — Water  used  to  seal  gas  machines  (Sample  110) 
gave  strength-ratios  of  about  95  per  cent. 

Waste  from  Corn  Products  Refining  Co.  (Sample  111)  gave  strengths 
which  compared  favorably  with  fresh  waters.  In  no  case  were  the  strength- 
ratios  below  90  per  cent  and  averaged  94  per  cent  (Table  20). 

Paint  Factory  Waste  (Sample  1 1G,  see  Table  21  and  Fig.  4  to  6)  gave 
strength  ratios  ranging  from  79  per  cent  to  90  per  cent,  average  about  86 
per  cent.  The  low  strength  from  this  water  is  probably  due  to  the  presence 
of  acid. 

Acid  Water  from  a  spent  plating  bath  (Sample  117)  contained  sul¬ 
phuric  acid  in  such  a  high  concentration  that  it  was  necessary  to  dilute 
it  to  10  and  20  per  cent  of  its  original  concentration  by  the  addition  of 
Lake  Michigan  fresh  water  before  it  could  be  used  for  mixing  concrete. 
The  effect  of  this  water  varied  considerably  with  the  concentration  and 
the  characteristics  of  the  concrete  with  reference  to  quantity  of  cement, 
mixing  water,  etc.  The  1 :  7  mix  at  28  days  showed  strength-ratios  of 
108  and  120  per  cent  while  the  1 :  2  mixtures  gave  strength-ratios  of  about 
86  per  cent.  For  the  usual  consistencies  and  mixtures  the  strength-ratio 
was  about  90  per  cent.  The  water  required  for  normal  consistency  of 
cement  using  the  acid  waters  was  26  and  27  per  cent  as  compared  with 
24  per  cent  for  fresh  water.  The  time  of  setting  of  the  cement  with  these 
waters  was  in  general  somewhat  longer  than  for  fresh  water. 

Effect  of  Quantity  of  Cement  (Mix). — Fig.  4  shows  the  relation  of  the 
28-day  strength  and  strength-ratios  to  quantity  of  cement  for  1:7  to  1:2 
concrete  mixes  of  relative  consistency  1.00  for  the  waters  in  ISeries 
138.  In  all  cases  there  was  an  increase  in  strength  with  increa-se  in 
amount  of  cement.  The  strength-ratio  curves  are  in  general  horizontal  or 
nearly  so,  showing  that  the  effect  of  the  various  impure  waters  was  similar 
for  the  different  mixes.  The  acid  waters  from  a  spent  plating  bath 
(Sample  117)  gave  greater  reductions  in  strength  in  the  rich  mixes  than  in 
the  lean. 

Effect  of  Quantity  of  Mixing  Water  (Consistency) . — The  effect  of  con¬ 
sistency  on  the  28-day  strength  of  1 :  4  concrete  mixed  with  15  different 
samples  of  water  in  Series  138  is  shown  in  Fig.  5.  The  strength  curves 
show  the  marked  effect  of  quantity  of  mixing  water  on  the  compressive 
strength  of  concrete  mixed  with  both  fresh  and  impure  waters. 
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The  individual  strength-ratio  curves  are  in  general  horizontal  showing 
that  the  effect  of  the  impure  waters  was  the  same,  regardless  of  the  con¬ 
sistency  of  the  concrete.  The  strength-ratio  curves  for  acid  waters  from 
a  spent  plating  hath  (Sample  117)  have  an  upward  trend,  showing  that 
the  effect  of  these  waters  was  somewhat  less  in  the  wetter  concretes.  The 
average  strength-ratio  curve  for  all  impure  waters  was  approximately 
horizontal. 

Fig.  7  shows  the  relation  of  quantity  of  mixing  water,  as  expressed  by 
the  water-cement  ratio  and  gallons  per  sack  of  cement  to  the  28-day  com¬ 
pressive  strength  for  the  fresh  waters  in  Series  138.  In  these  tests  the 
quantity  of  mixing  w’ater  was  varied  by 

(a)  Change  in  mix  (relative  consistency  1.00  (Table  11). 

( b )  Change  in  consistency  (1:4  mix,  Table  12 ) . 

All  of  the  plotted  points  for  the  two  conditions  of  test  lie  close  to  the 
curve,  showing  remarkably  consistent  results.  Similar  curves  may  be 
drawn  for  the  impure  waters  in  Series  138. 

These  tests  show  the  importance  of  the  water-ratio-strength  relation 
which  has  been  pointed  out  in  many  other  reports  from  this  Laboratory. 
The  relation  between  strength  and  quantity  of  mixing  water  for  fresh 
waters  is  shown  below: 


Relative  consistency  ...  0.90  1.00  1.10  1.25  1.50 

Water-ratio  .  0.68  0.75  0.82  0.92  1.09 

Gallons  of  water  per  sack 

of  cement  .  5.1  5.0  0.2  0.9  8.2 

Concrete  Strength  at  28 

days,  lb.  per  sq.  in.  .  .  .  4200  3080  3350  2580  1190 

Strength-ratio  to  Consist¬ 
ency  1.00  .  114  100  91  70  43 

Strength-ratio  to  Consist¬ 
ency  1.10  .  126  110  100  77  47 


In  computing  water-ratios,  absorption  of  aggregates  was  disregarded. 
6.2  gal.  of  water  per  sack  of  cement  (water-ratio  0.82)  is  about  the  best 
consistency  for  concrete  road  construction;  adding  0.7  gal.  per  sack  of 
cement  had  the  effect  of  reducing  the  strength  of  concrete  to  such  an  ex¬ 
tent  as  to  give  a  strength-ratio  of  77  per  cent. 

Increasing  the  quantity  of  mixing  water  produced  exactly  the  same 
effect  as  reducing  the  quantity  of  cement  in  the  batch.  (See  Fig.  7.)  A 
1:4  mix  with  relative  consistency  1.25  (25  per  cent  more  water  than 
“normal”  consistency)  gave  about  the  same  strength  at  28  days  as  a  1:  6 
mix  of  normal  consistency;  a  1:  4  mix  with  relative  consistency  1.50  gave 
a  lower  strength  than  a  1:7  mix  of  normal  consistency.  A  relative  con¬ 
sistency  of  1.50  is  by  no  means  as  “sloppy”  as  concrete  frequently  seen. 

A  comparatively  slight  increase  in  quantity  of  mixing  water  may 
produce  a  greater  reduction  in  concrete  strength  than  that  caused  by  using 
the  most  polluted  mixing  water  that  is  ordinarily  encountered. 

Effect  of  Age. — The  effect  of  age  on  the  strength  of  concrete  is  shown 
in  Tables  10,  13  and  15,  and  in  Fig.  3  and  6.  The  results  of  tests  in  Series 
137  are  given  in  Fig.  3  in  which  age  is  plotted  to  a  logarithmic  scale. 
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Separate  curves  are  shown  for  the  average  of  each  group  of  waters  for  two 
methods  of  curing. 

Fig.  6  shows  the  effect  of  age  for  the  different  waters  in  Series  138. 
The  curves  show  that  unusually  consistent  results  were  obtained  with  each 
water.  In  general  there  was  an  increase  in  strength  with  age  for  each  of 
the  waters  used.  The  strength-ratio-age  curves  show  the  relation  of 
strength  of  concrete  made  with  impure  waters  as  compared  with  that  of 
similar  concrete  made  with  fresh  water  at  the  different  ages. 

Strength-ratios  for  the  fresh  waters  in  the  two  series,  based  on  the 
28 -day  tests  of  concrete  for  specimens  cured  in  the  moist  room  were  as 
follows : 

3  days  7  days  28  days  3  mo.  1  yr.  2  1/3  yr. 


Series  137  .  31  52  100  141  177  167 

Series  138  .  33  57  100  144  163  176 


It  will  be  noted  that  the  1-yr.  tests  in  Series  137  appear  to  be  abnor¬ 
mally  high;  this  may  account  for  the  apparent  retrogression  in  the  2  1/3 
yr.  tests  in  this  Series. 

For  concrete  cured  in  a  damp  condition,  the  strength  is  approximately 
proportional  to  the  logarithm  of  the  age  at  test. 

Specimens  in  Series  137  cured  in  moist  room  for  28  days  and  then  in 
air  gave  approximately  the  same  strengths  at  3  mo.  as  similar  concrete 
cured  in  moist  room  for  3  mo.;  at  1  and  2  1/3  yr.  air-cured  specimens 
showed  a  falling  off  in  strength,  except  in  the  case  of  5  to  20  per  cent 
salt  solutions,  where  increases  in  strength  were  generally  found. 

In  Series  138,  synthetic  sea  water  (Sample  104),  paint  manufacturing 
waste  (116),  acid  waters  from  a  spent  plating  bath  (117)  and  lime  soak 
(115)  gave  strength-ratios,  in  certain  instances  below  the  85  per  cent 
which  we  have  set  as  the  lower  limit  for  acceptable  mixing  waters.  It  is 
interesting  to  note  that  the  average  concrete  strength  for  all  impure  waters 
in  this  series  was  essentially  the  same  as  for  fresh  waters. 

The  28-day  strength  of  concrete  or  mortar  seems  to  be  the  best  indi¬ 
cation  of  quality  of  mixing  water.  In  a  few  instances  the  3  and  7-day 
strengths  were  abnormally  high  or  low.  In  no  instance  in  the  moist  room- 
cured  specimens,  does  the  later  tests  give  results  which  are  materially  at 
variance  with  those  at  28  days. 

Mortar  Tests. — Results  of  tension  and  compression  tests  of  1 :  3  stand¬ 
ard  sand  mortars  at  ages  of  3  days  to  2  1/3  yr.  for  the  waters  in  Series 
138  are  given  in  Table  14.  A  comparison  of  these  strength-ratios  with 
those  for  the  concrete  tests  in  Table  13  shows  that  in  general  the  effect 
of  the  impure  waters  on  mortar  strength  was  similar  to  that  on  the  con¬ 
crete  strength  at  different  ages.  The  mortar  strength-ratios  of  synthetic 
sea  water,  Medicine  Lake,  paint  manufacturing  waste  and  acid  waters 
from  a  spent  plating  bath  were  generally  somewhat  higher  at  all  ages  than 
the  strength-ratios  of  the  concrete  tests.  The  strength-ratios  for  briquet 
tests  of  1-3  standard  sand  mortar  mixed  with  water  from  “Bubbly  Creek" 
were  somewhat  lower  than  the  strength  ratios  for  the  compression  tests  of 
mortar  and  concrete. 
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Normal  Consistency. — The  percentage  of  water  required  for  normal 
consistency  of  cement  when  mixed  with  the  different  impure  waters  was  in 
general  about  the  same  as  for  fresh  waters.  In  Series  137  the  average 
normal  consistency  for  the  fresh  water  was  22.5  per  cent.  Great  Salt  Lake 
water  (Sample  5)  required  24  per  cent;  solutions  of  5  to  20  per  cent  of 
common  salt  required  from  24  to  25  per  cent.  Refuse  from  an  oil  refinery 
(Sample  40)  required  25  per  cent  of  water  for  normal  consistency. 

In  Series  13S  the  fresh-water  normal  consistency  was  24.5  per  cent; 
most  of  the  impure  waters  in  this  series  required  a  similar  amount.  Medi¬ 
cine  Lake  water  (Sample  105)  and  acid  waters  from  a  spent  plating  bath 
of  10  and  20  per  cent  concentration  required  25,  26,-  and  27  per  cent, 
respectively. 

Time  of  Setting. — In  general,  the  time  of  setting  of  cements  mixed 
with  impure  waters  in  a  given  series  was  about  the  same  as  for  fresh 
water.  None  of  the  samples  gave  time  of  setting  decidedly  shorter  than 
fresh  waters.  Sea  water  and  synthetic  sea  water  were  somewhat  more 
quick-setting  in  the  Vicat  test;  the  other  tests  were  practically  normal. 

The  following  table  shows  the  samples  which  gave  abnormally  long 
time  of  setting  as  compared  with  fresh  wTaters: 


Mixing  Water 

Sample 

No. 

Time  of 

Vicat  Needle 

Setting 

Gillmore'Needle 

Initial 

Final 

Initial 

Final 

h.  m. 

h.  m. 

h.  m. 

h.  m. 

Series  137 

Fresh . : . 

3  52 

7  20 

4  43 

7  18 

Great  Salt  Lake . 

5 

6  45 

11  15 

7  30 

11  15 

10  per  cent  salt  solution . 

9 

4  25 

9  30 

5  45 

9  45 

15  per  cent  salt  solution . 

10 

5  00 

9  30 

6  30 

9  45 

20  per  cent  salt  solution . 

11 

6  00 

10  30 

9  30 

Refuse  from  oil  refinery . 

40 

11  00 

36  00 

9  00 

48  00 

Series  138 


Fresh . 

t 

3  55 

8  30 

6  25 

9  45 

Industrial  sewage . 

106 

5  00 

9  15 

7  30 

11  50 

Corn  products  waste . 

111 

5  30 

9  20 

7  50 

11  15 

Spent  p’ating  bath  (10  per  cent) . 

117 

4  50 

7  55 

7  15 

12  20 

Spent  plating  bath  (20  per  cent) . 

117 

5  45 

11  15 

8  05 

13  00 

*  Average  of  8  samples, 
t  Average  of  3  samples. 


Refuse  from  oil  refinery  (Sample  40)  was  very  slow  in  setting  (aver¬ 
age  10  hr.  initial  and  42  hr.  final).  While  the  concrete  tests  at  3  and  7 
days  were  somewhat  erratic,  the  strength-ratios  at  ages  of  28  days  to  2  1/3 
yr.  ranged  from  83  to  95  per  cent,  average  90  per  cent,  indicating  that  this 
water  is  satisfactory  for  mixing  concrete. 

The  time  of  setting  with  Industrial  Sewage  water  (106),  Corn  Prod¬ 
ucts  Waste  (111)  and  acid  waters  from  a  spent  plating  bath  (117)  was 
somewhat  longer  than  for  the  fresh  waters,  as  showm  by  the  above  table. 
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Tlie  tests  show  that  while  the  low-strength  waters  generally  gave 
longer  time  of  setting,  there  was  no  direct  relation  between  time  of  setting 
and  the  strength-ratios  of  the  different  water  samples.  Time  of  setting  is 
not  a  satisfactory  criterion  of  suitability  of  a  water  for  mixing  concrete. 

Soundness. — Soundness  tests  of  the  cement  mixed  with  various  waters 
were  made  in  both  series;  in  every  case  the  cements  passed  the  test 
satisfactorily. 

Color  and  Odor  of  Waters. — Most  of  the  waters  in  Series  137  were 
clear  and  colorless.  The  Minnesota  bog  waters  had  a  yellow  color  due  to 
decaying  vegetation;  water  from  a  creek  at  Lakehurst  Air  Station,  N.  J. 
(Sample  38)  and  from  the  Monongahela  River  (39)  were  also  yellow  in 
color.  Refuse  from  an  oil  refinery  (40)  was  black  and  oily.  “Bubbly 
Creek”  water  (44)  was  very  dark  in  color. 

The  impure  waters  in  Series  138  varied  in  color.  Brewery  waste 
.  (Sample  107),  Drainage  Canal  water  (108)  Soap  Works  waste  (109)  and 
Corn  Products  waste  (111)  were  light  yellow  in  color.  Gas  plant  waste 
(110)  had  a  brown  color  and  a  turbid  appearance,  probably  due  to  globules 
of  oil  in  suspension.  Tannery  wastes  were  turbid;  Soak  water  (114)  and 
Lime  soak  (115)  were  white  in  color,  probably  due  to  lime  in  suspension. 
Lime  soak  contained  some  hair  from  hides.  Paint  manufacturing  waste 
(116)  was  a  deep  red  color  and  quite  clear.  Water  from  a  spent  plating 
bath  (117)  was  dark  brown  and  somewhat  turbid.  “Bubbly  Creek”  water 
(44  and  112)  was  very  dark  in  color;  a  greasy  scum  collected  on  this 
water  after  standing  for  some  time. 

Few  of  the  waters  used  had  a  pronounced  odor.  “Bubbly  Creek”  water 
gave  off  a  very  offensive  odor;  waste  washings  from  beer  storage  vats 
(Sample  107)  had  a  beer-like  odor;  a  fresh  water  from  the  city  water 
supply,  Dundee,  Mich.,  (18)  and  water  from  a  creek  at  Lakehurst,  N.  J., 
(38)  had  an  odor  of  hydrogen  sulphide.  Tannery  wastes  had  a  character¬ 
istic  odor. 

The  tests  show  that  neither  color  nor  odor  furnish  a  satisfactory  cri¬ 
terion  of  the  suitability  of  a  water  for  mixing  concrete. 

Specifications  for  Quality  of  Mixing  Water. — ’The  following  extracts 
from  State  Highway  Specifications  are  typical  of  the  requirements  for 
quality  of  water  for  mixing  concrete  in  road  work: 

(a)  “All  water  used  in  concrete  shall  be  subject  to  the  approval 
of  the  Engineer  and  shall  be  reasonably  clear,  free  from  oil,  acid,  or 
vegetable  substances  and  neither  brackish  nor  salty.”  (Wis.  and  Utah.) 

(b)  “Water  used  for  this  work  shall  be  reasonably  clean,  and 
free  from  oil,  acid,  alkali  or  vegetable  substances.”  (Indiana.) 

(c)  “Water  used  for  this  work  shall  be  reasonably  clean,  and 
free  from  oil,  acid,  alkali  or  vegetable  substances.  No  salt  or  sea 
water  shall  be  used  in  mixing  any  concrete.”  (California.) 

(d)  “The  water  shall  be  clean,  free  from  oil,  acid,  alkali  or  vege¬ 
table  substances,  and  the  tensile  strength  of  1-3  mortars  shall  be  equal 
to  that  developed  with  distilled  water  when  mixed  in  the  same  pro¬ 
portion  with  the  same  cement  and  Ottawa  sand.”  (Pennsylvania.) 
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(e)  “Water  used  in  concrete  shall  be  free  from  sewage,  oil,  acid, 
strong  alkalis  or  vegetable  matter  and  also  shall  be  free  from  clay  and 
loam.”  (Ohio.) 

(f)  “Water  used  in  concrete  or  in  grout  filler,  shall  be  clean  and 
free  from  oil,  acid,  alkali  or  vegetable  matter.  Before  installing  his 
water  supply  equipment,  the  contractor  shall  secure  the  Engineer’s 
approval  of  the  source  of  water  supply  which  he  proposes  to  use.  If 
at  any  time  the  water  from  this  source  should  become  of  unsatisfac¬ 
tory  quality  or  insufficient  quantity  the  Engineer  may  require  the 
contractor  to  provide  water  from  some  other  source.”  (Iowa  and 
Minnesota. ) 

(g)  “The  water  used  in  mixing  portland  cement  concrete  shall 
be  clean,  free  from  oil  and  organic  matter,  and  when  tested  with  lit¬ 
mus  shall  show  no  acid  or  alkaline  reaction.”  (Illinois.) 

(h)  “Water  shall  be  clean,  free  from  oil,  acid,  alkali  or  vege-. 
table  matter.”  (Arizona  and  Colorado. ) 

(i)  “Water  shall  be  clean,  free  from  oil,  acid,  alkali,  vegetable 
matter,  organic  matter  and  other  deleterious  substances.”  (New  York.) 

(j)  “All  waters  for  use  in  concrete  shall  be  clean,  free  from  oil, 
acid,  alkali,  vegetable  matter,  sea  salts,  or  ingredients  that  are  in¬ 
jurious  to  concrete.”  (New  Jersey.) 

All  the  above  specifications  require  that  waters  shall  be  free  from 
impurities  of  various  kinds.  If  these  specifications  were  rigidly  enforced, 
but  few  waters  would  be  available  for  mixing  concrete,  as  small  quantities 
of  impurities  are  found  in  practically  all  waters  except  rain  and  distilled 
waters. 

The  report  of  the  Joint  Committee  on  Standard  Specifications  for 
Concrete  and  Reinforced-concrete  gives  the  following  specifications  for  mix¬ 
ing  water: 

“Water  for  concrete  shall  be  clean  and  free  from 
injurious  amounts  of  oil,  acid,  alkali,  organic  matter  or 
other  deleterious  substance.” 

This  specification  puts  the  emphasis  on  injurious  amounts  of  impur¬ 
ities,  but  leaves  open  the  methods  of  test. 

Tests  for  Mixing  Waters. — In  only  rare  instances  are  definite  tests 
specified  for  mixing  waters.  The  U.  S.  Bureau  of  Public  Roads  recom¬ 
mends  the  following  tests : 

(1)  Acidity  and  alkalinity,  by  use  of  blue  and  red  litmus 
paper, 

(2)  Total  solids  and  inorganic  matter, 

(3)  Soundness,  time  of  setting  or  mortar  strength. 

“Any  indication  of  unsoUndness,  marked  change  in  time  of  setting  or 
a  variation  of  more  than  10  per  cent  in  strength  from  results  obtained 
with  mixtures  containing  the  water  of  satisfactory  quality,  shall  be  suffi¬ 
cient  cause  for  rejection  of  the  water  under  test.”* 

*  Standard  and  Tentative  Methods  of  Sampling  and  Testing  Highway  Mate¬ 
rials,  Bulletin  949,  U.  S.  Dept,  of  Agriculture,  1921.  A  later  edition,  Bulletin 
1216  (1924)  requires  the  use  of  phenolplithalein  or  methyl  orange  as  an  indi¬ 
cator  of  acidity  or  alkalinity  instead  of  litmus  paper. 
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The  litmus  test  is  not  of  much  value  since  it  responds  to  minute  quan¬ 
tities  of  acid  or  alkali  which  our  tests  have  shown  to  be  harmless  in  con¬ 
crete.  The  test  for  total  solids  is  likely  to  be  misleading.  Our  studies 
did  not  reveal  a  single  sample  of  impure  mixing  waters  which  caused  un¬ 
soundness  in  the  cement. 

Concrete  or  mortar  tests  are  the  most  satisfactory  guides  in  important 
cases. 

While  this  investigation  did  not  cover  all  possible  types  of  water,  it 
seems  safe  to  conclude  that  any'  water  which  is  suitable  for  drinking  or 
for  ordinary  household  use  can  be  accepted  without  question  for  mixing 
concrete.  It  has  been  found  that  many  waters  which  are  badly  polluted 
with  sewage  and  trade  wastes  are  not  injurious  in  concrete. 

Effect  of  Sugar  in  Concrete. — One  type  of  impurity  which  was  not 
included  in  this  series  of  tests,  but  which  should  be  mentioned  here,  is 
sugar  and  related  compounds  such  as  alcohol  and  fruit  juices.  In  general 
such  compounds  are  fatal  to  concrete,  since  they  practically  destroy  the 
hydraulic  properties  of  the  cement.  Waters  containing  even  small  quan¬ 
tities  of  such  materials  should  not  be  used  either  in  mixing  or  curing 
concrete  without  thorough  investigation. 

RELATED  TESTS. 

This  report  includes  only  one  phase  of  the  general  problem  of  the  in¬ 
fluence  of  impurities  in  concrete  and  does  not  touch  upon  the  behavior  of 
concrete  when  exposed  to  various  types  of  waters  and  soils.  Results  have 
already  been  reported  on  previous  tests  on  the  effect  of  organic  impurities 
in  sands1.  Exhaustive  tests  have  been  made  in  this  Laboratory  on  the 
effect  of  powdered  admixtures  in  concrete2 *.  Field  and  laboratory  tests  are 
now  under  way  on  concrete  exposed  to  sulphate  soils  and  waters;  includ¬ 
ing  the  effect  of  integral  compounds.  A  summary  of  tests  on  the  effect  of 
integral  water-  and  alkali-proofing  compounds  on  the  strength  of  concrete 
has  been  published8.  A  report  has  been  prepared  on  the  effect  of  calcium 
chloride  and  other  soluble  salts  in  concrete4 * *.  Tests  are  under  way  on  the 
use  of  calcium  chloride  and  similar  materials  as  a  curing  agency  for 
concrete. 

1  Colorimetric  Test  for  Organic  Impurities  in  Sand,  Circular  1,  Structural 
Materials  Research  Lab.,  1917.  See  also,  Abrams-IIarder  Field  Test  for  Organic 
Impurities  in  Sands;  Report  of  Committee  C-9,  Proc.  Am.  Soc.  Testing  Mate¬ 
rials,  1919. 

*  Effect  of  Hydrated  Lime  and  other  Powdered  Admixtures  in  Concrete ; 
Proc.  Am.  Soc.  Testing  Materials,  1920,  Reprinted  as  Bulletin  8,  Structural  Ma¬ 
terials  Research  Lab.,  Lewis  Institute,  Chicago. 

*  Effect  of  Integral  Waterproofing  Compounds  on  the  Strength  of  Concrete ; 
Industrial  and  Eng.  Chemistry,  May,  1923. 

4  Calcium  Chloride  as  an  Admixture  in  Concrete;  Proc.  Am.  Soc.  Testing 

Materials,  1920,  Reprinted  as  Bulletin  13,  Structural  Materials  Research  Labora¬ 

tory. 
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Table  1. — Notes  on  Water  Samples — Series  137. 

In  general  5  to  10  gallons  of  each  sample  were  secured  for  test. 

See  Table  2  for  chemical  analyses  of  water  samples. 


Sample 


Origin  of  Water  Samples 


Group  1. — Fresh  Waters. 


2,  50 
1,49 

14 

15 

17 

18 

36 

37 


Lake  Michigan;  Chicago  city  water  supply. 

Distilled  water. 

Coal  City,  Ill.;  city  water  supply. 

Tracy,  Minn.;  city  water  supply,  from  700-ft.  well. 

Marshall,  Minn.;  city  water  supply  from  wells;  high  alkali  content  for  potable  water. 

Dundee,  Mich.;  city  water  supply;  has  hydrogen  sulfide  odor;  high  alkali  content  for  potable  water. 
Lake  County,  Ind.;  rain  water  from  small  pools  near  Gary. 

Youghiogheny  River,  foot  of  Fifth  Street,  McKeesport,  Pa. 


Group  2. — Minnesota  Bog  Waters. 


19 

20 
21 
24 
22 

23,  25 


Helw^Creek  °  1  Fe(^  by  pea*'  boSs  or  tamarack  swamps;  yellow  color. 

Coloauet  River  I  Pr°bahly  average  conditions  for  rivers  in  Northern  Minnesota.  Representative 
Dunka  River  waters  available  for  concrete  work  in  St.  Louis  County. 

Stagnant  pool  in  peat  bag.  Very  little  flow;  peat  floating  on  surface;  yellow  color. 

Sulphur  Dam;  typical  of  swamp  waters  in  Northern  Minnesota;  yellow  color. 


Group  3.— Sea  Water  and  Alkali  Waters. 


3 
16 

4 

5 

26 

27 

28 

29 

31 

46 


Sea  water  from  Atlantic  Ocean,  Wildwood,  N.  J. 

Sea  water  from  Atlantic  Ocean,  Bay  Head,  N.  J.  No  sewage  present. 

Synthetic  sea  water;  3.5  per  cent  solution  of  salts  approximating  composition  of  sea  water. 
Great  Salt  Lake,  Utah;  contains  about  20  per  cent  soluble  salts  and  some  vegetation. 
Devil’s  Lake,  N.  D.;  high  in  alkali. 

Marshall,  Minn.  1 

Roswell.  N.  M.  1  From  low  water  flow  of  tile  drains  in  alkali  soils. 

Montrose,  Colo.  j 

Muddy  Creek,  Utah,  3  miles  north  of  Emery;  Federal  Road  Project;  high  alkali  content. 
Price,  Utah;  sample  furnished  by  State  Road  Commission;  alkaline. 


Group  4. — Solutions  of  Common  Salt. 


etoii 


Solutions  of  1,  2,  5,  10,  15,  and  20  per  cent  table  salt  in  Lake  Michigan  water. 


Group  5. — Mine  and  Mineral  Waters. 


12 

30 

32 

33 

34 

35 
43 


Montrose,  Colo.;  mineral  water  from  mineral  spring  at  City  Hall  Square;  highly  carbonated. 
Bisbee,  Ariz.;  Mine  water. 

Loop  Creek,  W.  Va.,  Fayette  Co.;  24  mines  pump  drainage  into  stream  above  this  point. 
Cambria,  Ill.;  coal  mine  water  from  mine  pump  discharge. 

Colpville,  Ill.;  from  mine  pump  discharge. 

Fort  Dodge,  Iowa,  Gypsum  mine  water,  from  mine  pump  discharge. 

Scranton,  Pa.;  Coal  washery  waste,  from  mine  pump  discharge. 


Group  6. — Waters  Containing  Sewage  and  Industrial  Waste. 


13 

33 

39 

40 
42 

44 

45 
48 

41 
47 


Illinois  River,  near  Marseilles;  carries  sewage  from  Chicago  Drainage  Canal. 

Lakehurst,  N.  J.,  Air  Station;  from  creek;  hydrogen  sulfide  odor;  yellow  color. 

Monongahela  River,  below  B.  &  O.  Bridge  at  Wheeling  Junction,  Pa.;  yellow  color. 

Franklin,  Pa.;  Refuse  from  oil  refinery;  black  and  oily. 

Endicott,  N.  Y.;  probably  tannery  waste. 

"Bubbly  Creek,”  Chicago;  waste  from  Stock  Yards;  very  dark  color;  scum  on  surface. 

Cygnet,  Ohio,  from  Rockford  Creek;  contains  salt  and  oil  scum  from  oil  wells. 

Allegheny  River  (high  water)  }  From  FranMin-  Pa-  probabIy  containB  refuse  from  oil  ^fineries. 
Drainage  Canal,  Chicago;  contains  large  quantity  of  sewage. 


Table  2. — Chemical  Analyses  of  Water  Samples — Series  137. 


Chemical  analyses  expressed  as  parts  per  million. 

See  Table  1  for  further  details  of  origin  and  nature  of  samples. 


2,50 

Lake  Michigan . 

150 

150 

35 

25 

15 

70 

5 

1,40 

Distilled  water . 

14 

City  water,  Coal  City. 

20 

1,250 

1,120 

5 

5 

95 

55 

200 

370 

140 

240 

15 

City  water,  Tracy. . .. 

15 

1,260 

1,150 

trace 

trace 

240 

65 

40 

650 

160 

5 

17 

Citv  water,  Marshall.. 

low 

2,770 

2,600 

340 

100 

400 

1,480 

210 

65 

18 

City  water,  Dundee.. 

low 

1,920 

1,740 

15 

330 

125 

70 

1,060 

100 

35 

36 

Lake  County,  Ind. . .  . 

35 

660 

510 

io 

150 

20 

trace 

170 

140 

25 

37 

Youghiogheny  River. 

low 

25 

15 

5 

5 

1 

1 

0 

0 

trace 

trace 

Group  2. — Minnesota  Boo  Waters. 


19 

Pale  Face  River . 

low 

115 

80 

15 

5 

15 

5 

5 

10 

30 

5 

20 

Helwig  Creek . 

70 

115 

80 

5 

5 

15 

5 

5 

10 

31 

Cloquet  River . 

low 

145 

105 

10 

15 

20 

5 

5 

5 

40 

5 

24 

Dunka  River . 

10 

120 

60 

10 

5 

10 

5 

trace 

10 

20 

5 

22 

Stagnant  pool . 

low 

195 

130 

5 

10 

25 

10 

trace 

trace 

70 

5 

23 

Sulphur  Dam . 

250 

90 

70 

25 

trace 

15 

20 

10 

25 

Sulphur  Dam . 

10 

105 

40 

5 

5 

10 

trace 

5 

10 

5 

Group  3. — Alkali  Waters. 


3 

Sea  water . 

100 

33,400 

33,420 

350 

1,000 

11,100 

2,370 

30 

18,500 

16 

Sea  water . 

low 

33,300 

33,300 

35 

550 

1,080 

10,000 

2,460 

70 

18,600 

4 

Synthetic  sea  water.  . 

none 

35,000 

35,000 

420 

1,310 

11,100 

2,700 

70 

19,4005 

5 

Great  Salt  Lake . 

low 

227,800 

227,800 

1,280 

6,330 

78,600 

14,400 

410 

126,700 

26 

Devil’s  Lake,  N.  D. . 

15 

4,000 

4,000 

15 

5 

20 

trace 

1,580 

1,070 

370 

910 

27 

Tile  Drain,  Minn .... 

10 

1,910 

1,820 

20 

5 

260 

170 

115 

1,060 

190 

5 

28 

Tile  Drain,  N.  M . . . . 

820 

3,130 

3,130 

10 

560 

120 

665 

1,490 

130 

140 

29 

Tile  Drain,  Colo . 

2,490 

2,350 

10 

470 

110 

160 

1,520 

80 

5 

31 

Muddy  Creek,  Utah. . 

240 

12,100 

12,100 

2 

5 

270 

3,320 

7,700 

210 

220 

46 

Price.  Utah . 

low 

9,430 

7,890 

40 

440 

510 

1,200 

5,500 

130 

65 

Group  4. — Solutions  op  Common  Salt.c 


6 

1%  common  salt. . . 

10,200 

10,200 

35 

25 

3,960 

15 

70 

6,110 

7 

2%  common  salt. . . 

20,400 

20,400 

35 

25 

7,980 

15 

70 

12,300 

8 

5%  common  salt. . . 

52,000 

52,000 

35 

25 

20,400 

15 

70 

31,400 

9 

10%  common  salt... 

107,500 

107,500 

35 

25 

42,200 

15 

70 

65,100 

10 

15%  common  salt. . . 

166.800 

166,800 

35 

25 

65,500 

15 

70 

101,100 

11 

20%  common  salt... 

223,100 

223,100 

35 

25 

87,800 

15 

70 

135,200 

Group  5. — Mine  and  Mineral  Waters. 


12 

Mineral  water,  Colo. . 

2,140 

2,060 

5 

trace 

90 

40 

670 

270 

880 

100 

30 

Mine  water.  Am .... 

25 

400 

360 

5 

trace 

90 

10 

20 

180 

40 

10 

32 

Loop  Creek,  W.  Va. . 

low 

720 

680 

15 

5 

70 

40 

80 

450 

10 

10 

33 

Coal  mine,  111 . 

5 

4,640 

4,400 

15 

10 

260 

180 

1,000 

2,780 

100 

60 

34 

Coal  mine,  Ill . 

15 

2,240 

2.120 

trace 

5 

110 

50 

580 

410 

250 

670 

35 

Gypsum  mine,  Iowa  . 

30 

2,660 

2,220 

25 

trace 

560 

80 

80 

1,370 

00 

10 

43 

Coal  washery,  Pa.  . . 

low 

2,700 

2,460 

170 

260 

170 

50 

1,780 

d 

60 

Group  6. — Waters  Containing  Sewage  and  Industrial  Wastes. 


Illinois  River . 

low 

970 

920 

5 

trace 

100 

50 

160 

220 

170 

210 

Lakehurst  Air  Station 

10 

450 

390 

15 

50 

40 

10 

10 

250 

5 

5 

Monongahela  River. . 
Refuse  from  oilrefinery 

40 

300 

270 

5 

15 

30 

10 

50 

150 

5 

Endicott,  N.  Y . 

250 

9,040 

7,iio 

1,220 

trace 

1,650 

1,000 

470 

2,200 

“Bubbly  Creek”. . . . 

low 

.  1.860 

1,090 

35 

35 

90 

20 

390 

60 

200 

660 

Cygnet,  Ohio . 

low 

4,300 

4,020 

20 

290 

130 

1,190 

250 

50 

2,180 

Allegheny  River  (I. w.) 

120 

100 

30 

5 

20 

30 

15 

Allegheny  River(h.w.) 

250 

220 

5 

5 

30 

60 

io 

30 

70 

30 

Drainage  Canal . 

low 

260 

220 

15 

20 

40 

10 

10 

50 

80 

trace 

a  Calculated  from  bicarbonates  which  were  determined  by  titration. 
b  65  parts  per  million  of  Bromine  also  present. 

c  Analyses  calculated  from  analysis  of  Lake  Michigan  water  and  specific  gravity  of  salt  solutions. 
d  Water  is  acid;  acidity  equivalent  to  3  parts  of  hydrogen  per  million  parts  of  water, 
e  Qualitative  only;  acid  reaction  to  methyl  orange;  high  in  chlorides,  sulfates,  calcium  and  magnesium; 
RjOj  present. 


24  Tests  oe  Impure  Waters  for  Mixing  Concrete. 


Table  3. — Notes  on  Water  Samples— Series  138. 


Water  samples  (except  Samples  101-105)  were  collected  in  50-gallon  lots  in  the  Chicago  District. 
Chemical  analyses  given  in  Table  4. 


Sample 


Remarks 


101 

102 

103 

104 

105 

106 

107 

108 

109 

110 
111 
112 

113 

114 

115 

116 
117 


Lake  Michigan;  Chicago  city  water  supply. 

Distilled  water. 

Distilled  water -aerated.  (Air,  filtered  through  cotton,  was  passed  through  water  for  several  hours). 
Synthetic  sea  water;  3.5  per  cent  solution  of  salts  approximating  composition  of  salts  in  sea  water. 
Medicine  Lake,  near  Watertown,  S.  D. 

Industrial  sewage  from  Central  Manufacturing  District;  collected  at  39th  and  Morgan  Sts. 

Wash  water  from  wood  tanks  used  for  beer  storage;  Atlas  Brewing  Co. 

Chicago  Drainage  Canal  at  Ashland  Ave.  and  27th  St.;  contains  sewage. 

Waste  water  from  Armour  &  Co.,  Soap  Works,  Chicago;  contains  some  organic  material 
Circulating  water  used  to  seal  water  gas  machines  at  North  Station,  Peoples  Gas  Co. 

Waste  from  plant  of  Corn  Products  Refining  Co.,  Argo,  Ill. 

“Bubbly  Creek;”  waste  from  Chicago  Stock  Yards;  very  dark  color;  scum  on  surface. 

Tan  and  dye  liquor  waste;  from  tannery  of  Griess,  Pfleger  &  Co. 

Soak  water;  waste  from  cleaning  hides;  from  tannery  of  Griess,  Pfleger  &  Co. 

Lime  soak  from  tannery  used  in  removing  hair  from  hides;  from  Illinois  Sanitary  District  Testing 
Station  at  tannery  of  Griess,  Pfleger  &  Co. 

Waste  from  settling  tanks  of  Sherwin,  Williams  Co.,  paint  manufacturers,  Pullman,  HI.;  contains 
sulphuric  acid,  organic  matter,  copper,  and  iron. 

Spent  acid  plating  bath,  La  Salle  Steel  Co.,  Cicero,  Ill.  Used  in  concrete  diluted  with  4  and  9  parts 
of  water.  Chemical  analysis  in  Table  4  was  made  on  the  sample  as  received. 


Table  4. — Chemical  Analyses  of  Water  Samples — Series  138. 


Waters  were  from  Chicago  District,  unless  otherwise  noted. 
Analyses  are  expressed  as  parts  per  million  of  water  as  received. 
See  Table  3  for  further  details  of  origin  and  nature  of  samples 


Mixing  Water 

|  Suspended  Matter 

Total  Solids  (105°C.) 

Silica  (SiO-:) 

a 

3 _ 

1<S 

a  k 

cO 

0 

t-H 

Calcium  (Ca) 

Magnesium  (Mg) 

Chloride  (Cl) 

Sulphate  (SO4) 

|  Sulphide  (S) 

Oxygen  to  Oxidize 
Organic  Matter 

Sample 

Source 

101 

Lake  Michigan . 

150 

35 

25 

5 

15 

102 

Distilled . 

103 

Distilled  aerated . 

104 

Synthetic  sea  watero . 

35.000 

420 

l,3io 

19,400 

2,700 

105 

Medicine  Lake,  S.  D .b . 

55 

53,100 

420 

5,750 

540 

28,700 

106 

Industrial  sewage . 

10 

310 

10 

5 

50 

180 

45 

0 

0 

5 

107 

Brewery  waste . 

100 

250 

10 

5 

40 

120 

5 

0 

0 

120 

108 

Drainage  Canal . 

20 

220 

15 

5 

40 

140 

10 

30 

0 

in 

109 

Soap  works  waste . 

20 

410 

5 

5 

60 

190 

90 

60 

0 

15 

110 

Gas  plant  waste . 

120 

470 

30 

5 

40 

240 

170 

150 

35 

420 

111 

Corn  Products  Co . 

170 

980 

15 

5 

90 

370 

330 

120 

5 

75 

112 

Bubbly  Creek . 

50 

820 

10 

5 

80 

210 

420 

80 

5 

30 

113 

Tan  and  dye  liquor  (tannery) . . 

110 

1,840 

25 

5 

70 

150 

480 

560 

20 

310 

114 

Soak  water  (tannery) . 

90 

3,700 

20 

5. 

85 

200 

2,340 

60 

10 

35 

115 

Lime  soak  (tannery) . 

970 

6,220  c 

30 

0 

990 

trace 

2,910 

210 

320 

320 

116 

Paint  manufacturing  wasted. . . 

110 

10,180 

10 

30 

180 

70 

130 

5.430 

0 

440 

117 

Spent  plating  bath . 

90 

0 

0 

810 

114,400 

o  Sodium  and  potassium  78.600  parts  per  million;  carbonate  (CO3)  70. 

b  Loss  on  ignition  8,610  parts  per  million;  sodium  (Na)  2820;  potassium  (K)  700;  carbonate  (CO*)  430. 
c  Total  solids  after  ignition. 

d  Loss  on  ignition  895  parts  per  million;  copper,  170;  zinc,  trace. 

e  Ferrous  iron  47,300,  acidity  (HaSOi)  31,250  parts  per  million.  Diluted  to  10  and  20  per  cent  of  original 
concentration  by  the  addition  of  Lake  Michigan  water  before  using  in  the  tests. 
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Table  5. — Chemical  Analysis  of  Cements. 


The  percentages  are  the  average  of  2  determinations. 


Cement 

Used  in 
Series 

Silica 

(Si02) 

Iron  and 
Aluminum 
Oxides 

(F  esOs  +  AI2O3) 

Calcium 

Oxide 

(CaO) 

« 

Magnesium 

Oxide 

(MgO) 

Sulfuric 

Anhydride 

(SO,) 

4951 . 

137 

21.88 

9.40 

62.64 

2.94 

1.55 

5075 . 

137 

21  73 

9.15 

62.90 

2.79 

1.62 

5259 . 

138 

21.85 

9.25 

61.97 

2.78 

1.68 

Table  6. — Mortar  Tests  of  Cements. 

1:3  standard  sand  mortar. 

Portland  cements  a  mixture  of  equal  parts  of  5  brands  purchased  in  Chicago. 

Mixing  water  from  Chicago  city  water  supply.  . 

Tests  made  in  accordance  with  Standard  Specifications  and  Tests  for  Portland  Cement  of  the  American 
Society  for  Testing  Materials. 

Each  value  for  strength  is  the  average  of  5  tests  made  on  different  days. 

Time  of  setting  tests  given  in  Tables  8  and  9. 


Ce¬ 

ment 

Used 

in 

Series 

Fineness 
Residue 
on  200 
Sieve 

Normal 

Consist¬ 

ency 

Tensile  Strength  of  Briquets, 
lb.  per  sq.  in. 

Compression. Tests  of 

2x4-in.  Cylinders 
lb.  per  sq.  in. 

7 

days 

28 

days 

3 

mo. 

6 

mo. 

1 

year 

2 

years 

7 

days 

28 

days 

3 

mo. 

6 

mo. 

1 

year 

2 

years 

4951. . 

137 

18.2 

22.5 

270 

360 

425 

390 

400 

375 

2220 

3740 

4340 

4840 

4260 

4800 

5075. . 

137 

18.8 

22.5 

250 

350 

420 

445 

340 

380 

1710 

3010 

4020 

3640 

4030 

3630 

5259.. 

138 

18.2 

24.0 

255 

375 

410 

415 

395* 

1700 

2800 

3550 

3730 

3840* 

*  Age  of  test,  2  years. 


Table  7. — Sieve  Analysis  of  Aggregates. 


Sieve  analyses  made  using  square  mesh  wire  cloth  manufactured  by  The  W.  S.  Tyler  Co.,  Cleveland. 
Aggregate:  Sand  and  pebbles  from  Elgin,  Ill.;  largely  limestone  origin.  Sand  contained  2  per  cent  silt, 
mostly  clay. 


Amounts  Coarser  than  Each  Sieve, 

per  cent  by  weight 

Unit 

FincucBs 

Weight, 

Series 

Kind  of  Aggregate 

Modulus* 

lb.  per 

No. 

No. 

No. 

No. 

No. 

No. 

V* 

% 

1 H 

cu.  ft. 

100 

48 

28 

14 

8 

4 

in. 

in. 

in. 

137 

99 

88 

55 

38 

20 

0 

3.00 

112 

Pebbles . 

100 

100 

100 

100 

100 

100 

67 

6 

6.67 

110 

Mixed  concrete  aggregate. . . 

99 

94 

79 

71 

63 

55 

39 

0 

5.00 

126 

138 

98 

87 

58 

38 

16 

3 

0 

3.00 

112 

Pebbles . 

100 

100 

100 

100 

100 

100 

75 

25 

6 

7.00 

110 

Mixed  concrete  aggregate. . . 

99 

96 

86 

79 

72 

68 

50 

17 

0 

5.67 

128 

*  Fineness  modulus  of  aggregate  is  the  sum  of  the  percentages  in  the  sieve  analysis,  divided  by  100. 
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Table  8.— Time  of  Setting  of  Cement  as  Affected  by  Impure 
Waters — Series  137. 

Portland  Cement  consisted  of  a  mixture  of  equal  parts  of  5  brands  purchased  in  Chicago.  (Cement  4,951, 
see  Table  6.) 

Tests  w^jre  made  in  accordance  with  Standard  Specifications  and  Tests  for  Portland  Cement  of  the 
American  Society  for  Testing  Materials. 

Each  value  is  the  average  of  2  tests  made  on  different  days. 


Group 

Classification 

Sample 

Source  of  Mixing  Water 

Normal 

Consist¬ 

ency 

Vicat  Needle 

Gillmore  Needle 

Sound¬ 

ness 

(over 

boiling 

water) 

Initial 

Final 

Initial 

Final 

h. 

m. 

h. 

m. 

h»» 

in. 

h. 

m. 

2,50 

Lake  Michigan . 

22.5 

3 

25 

6 

30 

4 

30 

6 

30 

OK 

1,49 

Distilled  water . 

22.5 

3 

40 

7 

00 

4 

30 

7 

00 

OK 

14 

City  water,  Coal  City,  Ill . . 

22.5 

3 

40 

6 

30 

4 

30 

6 

30 

OK 

15 

City  water,  Tracy,  Minn. . . 

23.0 

4 

00 

8 

00 

4 

30 

8 

00 

OK 

1 

Fresh 

17 

City  water,  Marshall,  Minn. 

22.5 

4 

00 

6 

20 

5 

00 

7 

10 

OK 

waters 

18 

City  water,  Dundee,  Mich . 

22.5 

3 

40 

6 

50 

5 

00 

7 

25 

OK 

36 

Lake  County,  Ind . 

22.5 

4 

30 

7 

30 

4 

30 

7 

30 

OK 

37 

Youghiogheny  River . 

22.5 

4 

00 

8 

00 

5 

15 

8 

15 

OK 

3 

52 

7 

20 

4 

43 

7 

18 

19 

Pale  Face  River . 

22.5 

3 

45 

6 

30 

5 

00 

7 

15 

OK 

20 

Helwig  Creek . 

22.5 

3 

30 

6 

30 

4 

45 

7 

15 

OK 

21 

Cloquet  River . 

22.5 

3 

50 

6 

40 

5 

00 

7 

00 

OK 

2 

Minnesota 

24 

Dunka  River . 

23.0 

3 

45 

8 

00 

4 

45 

8 

00 

OK 

bog 

22 

Stagnant  pool . 

22.5 

3 

30 

6 

45 

4 

30 

7 

10 

OK 

waters 

23 

Sulphur  Darn . 

22.5 

3 

30 

7 

00 

4 

30 

7 

30 

OK 

25 

Sulphur  Dam . 

22.5 

3 

30 

6 

10 

4 

30 

6 

45 

OK 

3 

37 

6 

48 

4 

43 

7 

16 

3 

Sea  water . 

22.5 

3 

45 

7 

15 

4 

30 

7 

45 

OK 

16 

Sea  water . 

22.5 

2 

45 

6 

00 

4 

00 

6 

30 

OK 

4 

Synthetic  sea  water . 

22.5 

3 

30 

7 

00 

4 

35 

7 

00 

OK 

5 

Great  Salt  Lake . 

24.0 

5 

45* 

11 

15* 

7 

30* 

11 

15* 

OK 

3 

Sea  water 

26 

Devil’s  Lake  N.  D . 

23.0 

3 

30 

7 

00 

4 

45 

7 

00 

OK 

and  alkali 

27 

Tile  Drain,  Minn . 

22.5 

3 

30 

7 

00 

5 

00 

7 

00 

OK 

waters 

28 

Tile  Drain,  N.  M . 

22.5 

3 

15 

6 

00 

4 

30 

6 

50 

OK 

29 

Tile  Drain,  Colo . 

22.5 

4 

00 

6 

15 

4 

40 

6 

45 

OK 

31 

Muddy  Creek,  Utah . 

23.0 

3 

15 

8 

00 

4 

45 

8 

00 

OK 

36 

Price,  Utah . 

23.0 

3 

15 

7 

OO 

4 

20 

7 

30 

OK 

3 

25 

6 

50 

4 

36 

7 

10 

6 

1  per  cent  common  salt . . . 

22.5 

3 

30 

7 

00 

4 

35 

7 

15 

OK 

7 

2  per  cent  common  salt . . . 

22.5 

3 

30 

7 

30 

4 

45 

7 

30 

OK 

4 

Solutions 

8 

5  per  cent  common  salt . . . 

23.0 

3 

45 

7 

30 

4 

45 

7 

30 

OK 

of  com- 

9 

10  per  cent  common  salt . . . 

24.0 

4 

25 

9 

30 

5 

45 

9 

45 

OK 

mon  salt 

10 

15  per  cent  common  salt . . . 

24.5 

5 

00 

9 

30 

6 

30 

9 

45 

OK 

11 

20  per  cent  common  salt . . . 

25.0 

6 

00 

10 

30 

9 

30 

4 

22 

8 

35 

5 

58 

8 

21 

12 

Mineral  water,  Colo . 

23.0 

3 

30 

6 

55 

5 

00 

7 

00 

OK 

30 

Mine  water,  Ariz . 

23.0 

4 

00 

6 

25 

5 

00 

6 

50 

OK 

5 

32 

Loop  Creek,  W.  Va . 

22.5 

3 

45 

7 

45 

4 

45 

7 

45 

OK 

mineral 

33 

Coalmine,  ill . 

23.0 

3 

45 

7 

45 

4 

40 

7 

50 

OK 

34 

Coal  mine,  ill . 

23.5 

3 

45 

8 

00 

5 

00 

8 

15 

OK 

35 

Gypsum  mine,  la . 

23.0 

3 

45 

8 

00 

5 

00 

8 

15 

OK 

43 

Coal  washery,  Pa . 

23.0 

4 

00 

7 

30 

4 

45 

8 

00 

OK 

3 

47 

7 

29 

4 

53 

7 

42 

13 

Illinois  River . 

'23.0 

4 

00 

6 

50 

5 

00 

7 

15 

OK 

38 

Lakehurst  Air  Station . 

22.5 

4 

00 

7 

30 

4 

30 

7 

45 

OK 

39 

Monongahela  River . 

22.5 

3 

45 

7 

30 

4 

30 

8 

00 

OK 

6 

Waters  con- 

40 

Refuse,  Oil  Refinery . 

26.0 

11 

00* 

36 

00* 

9 

00* 

48 

00* 

OK 

taining 

42 

Endicott,  N.  Y.  (tannery) . . 

22.0 

3 

30 

7 

45 

4 

50 

8 

00 

OK 

industrial 

44 

“Bubbly  Creek,  Chicago. 

22.5 

4 

00 

7 

30 

4 

45 

7 

50 

OK 

wastes 

45 

Cygnet,  Ohio . 

23.0 

3 

15 

7 

00 

4 

20 

7 

45 

OK 

and 

47 

Drainage  Canal,  Chicago. . 

22.5 

3 

35 

7 

15 

4 

45 

8 

00 

OK 

sewage 

48 

Allegheny  River  (low  water) 

22.5 

3 

45 

7 

15 

4 

40 

7 

45 

OK 

41 

Allegheny  River  (high  water) 

22.5 

3 

45 

7 

45 

4 

45 

7 

45 

OK 

Average . 

3 

44 

7 

22 

4 

41 

7 

47 

Omitted  from  average. 
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Table  9. — Time  of  Setting  of  Cement — Series  138. 

Cement:  a  mixture  of  5  brands  of  Portland  Cement  purchased  in  Chicago, see  Tables  5  and  6  for  chemical 
analysis  and  physical  tests. 

Tests  made  in  accordance  with  Standard  Specifications  and  Tests  for  Portland  Cement  of  the  American 
Society  for  Testing  Materials. 

Each  value  is  the  average  of  2  tests  made  on  different  days. 


Mixing  Water 

Normal 

Consist¬ 

ency 

Time  of  Setting 

Soundness 

(over 

boiling 

water) 

Sample 

Source 

Vicat  Needle 

Gillmore  Needle 

Initial 

Final 

Initial 

Final 

h. 

m. 

h. 

in. 

h. 

m. 

h. 

m. 

101 

Lake  Michigan . 

24.0 

4 

25 

8 

40 

6 

40 

10 

35 

OK 

102 

Distilled . 

23.5 

3 

30 

8 

10 

6 

10 

9 

20 

OK 

103 

Distilled  aerated . 

24.0 

3 

45 

8 

45 

6 

25 

9 

20 

OK 

Average . 

24.0 

3 

55 

8 

30 

6 

25 

9 

45 

104 

Synthetic  sea  water . 

24.0 

2 

30 

6 

20 

5 

15 

8 

25 

OK 

105 

Medicine  Lake,  S.  D . 

25.0 

4 

20 

9 

00 

6 

40 

10 

50 

OK 

106 

Industrial  sewage . 

24.0 

5 

00 

9 

15 

7 

30 

11 

50 

OK 

107 

Brewery  waste . 

23.5 

4 

00 

8 

50 

6 

30 

10 

30 

OK 

108 

Drainage  Canal . 

24.0 

4 

30 

9 

00 

6 

40 

10 

30 

OK 

109 

Soap  works  waste . 

24.0 

4 

20 

8 

40 

7 

10 

10 

55 

OK 

110 

Gas  plant  waste . 

24.0 

5 

05 

9 

05 

7 

00 

10 

50 

OK 

111 

Corn  Products  Co . 

24.5 

5 

30 

9 

20 

7 

50 

11 

15 

OK 

112 

“Bubbly  Creek” . 

24.0 

4 

25 

8 

50 

7 

10 

10 

35 

OK 

113 

Tan  and  dye  liquor  (tannery) . 

24.0 

4 

50 

8 

50 

7 

10 

10 

30 

OK 

114 

Soak  water . 

24.0 

3 

50 

8 

40 

6 

20 

10 

40 

OK 

115 

Lime  soak  (tannery) . 

23.5 

4 

00 

8 

00 

7 

15 

11 

10 

OK 

116 

Paint  manufacturing  waste  . .  . 

23.5 

3 

30 

8 

10 

6 

35 

10 

50 

OK 

117(10)* 

Spent  plating  bath . 

26.0 

4 

50 

7 

55 

7 

15 

12 

20 

OK 

117(20)* 

Spent  plating  bath . 

27.0 

5 

45 

11 

15 

8 

05 

13 

00 

OK 

*  Percentage  of  Sample  117  mixed  with  Lake  Michigan  water. 
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Table  10. — Compression  Tests  of  Concrete  Using  Impure  Mixing 
Waters — Series  137. 

4  by  8-in.  concrete  cylinders. 

Iv  ix  1-4  by  volume. 

Relative  consistency  1.10;  water-ratio  0.88;  plasticity  measured  by  means  of  flow  table. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0-24-in. 

Each  value  is  the  average  of  5  or  6  tests  made  on  different  days. 

The  values  in  parentheses  are  “Strength  Ratios,”  that  is  percentages  of  the  average  strength  in  Group  1 
or  a  given  age  and  curing  condition. 

See  Figs.  1  to  3. 


Compressive  Strength,  lb.  per  sq.  in. 


Source  of  Mixing  Wator 


Flow 


Cured  in  Moist  Room  Until  Test 


Cured  in  Moist 
Room  28  Days, 
Remainder  in  Air 


3 

7 

28 

3 

i 

2H 

3 

i 

2lA 

days 

days 

days 

mo. 

year 

years 

mo. 

year 

years 

Group  1  — Fresh  Waters 


2 

Lake  Michigan . 

212 

960 

1510 

3160 

4610 

5650 

5770 

4730 

4060 

3620 

(100) 

(94) 

(102) 

(106) 

(104) 

(112) 

(109) 

(104) 

(108) 

50 

Lake  Michigan . 

229 

870 

1430 

3120 

4000 

5320 

5750 

4130 

3970 

2670 

(91) 

(89) 

(101) 

(92) 

(98) 

(112) 

(95) 

(102) 

(80) 

1 

Distilled  water . 

214 

900 

1630 

3020 

4560 

5430 

5250 

4330 

3750 

3390 

(94) 

(102) 

(98) 

(105) 

(100) 

(102) 

(99) 

(96) 

(102) 

49 

Distilled  water . 

218 

950 

1560 

2780 

3480 

5390 

3540 

4400 

3430 

3320 

(99) 

(98) 

(90) 

(80) 

(99) 

(69) 

(101) 

(88) 

(99) 

14 

City  water.  Coal  City,  Ill. 

216 

990 

1560 

2870 

4150 

5140 

5070 

3800 

3980 

2790 

(103) 

(98) 

(93) 

(96) 

(94) 

(99) 

(87) 

(102) 

(84) 

15 

Tracy,  Minn . 

224 

900 

1550 

2760 

4160 

5360 

4770 

4120 

3790 

3400 

(94) 

(97) 

(90) 

(96) 

(98) 

(93) 

(95) 

(97) 

(102) 

17 

Marshal,  Minn . 

216 

1020 

1760 

3140 

4730 

5740 

5740 

4540 

3960 

3710 

(106) 

(110) 

(102) 

(109) 

(105) 

(112) 

(104) 

(102) 

(111) 

18 

Dundee,  Mich . 

214 

1040 

1700 

3140 

4690 

5440 

5640 

4780 

3940 

3600 

(108) 

(106) 

(102) 

(108) 

(100) 

(110) 

(110) 

(101) 

(108) 

36 

Lake  County,  Ind . 

214 

990 

1620 

3450 

4610 

5480 

4340 

4580 

4120 

3380 

(103) 

(101) 

(112) 

(106) 

(101) 

(85) 

(105) 

(106) 

(101) 

37 

Youghiogheny  River . 

214 

930 

1650 

3400 

4390 

5540 

5390 

4100 

3960 

3540 

(97) 

(103) 

(110) 

(101) 

(102) 

(105) 

(94) 

(102) 

(106) 

Average . 

216 

960 

1600 

3080 

4340 

5450 

5130 

4350 

3900 

3340 

(100) 

(100) 

(100) 

(100) 

(100) 

(100) 

(100) 

(100) 

(100) 

Group  2. — Minnesota  Boo  Waters 

19 

Pale  Face  River . 

220 

830 

1720 

3410 

4860 

5980 

5000 

4380 

4290 

3070 

(86) 

(107) 

(111) 

(112) 

(110) 

(98) 

(101) 

(110) 

(92) 

20 

Helwig  Creek . 

217 

830 

1740 

3070 

4390 

5430 

4220 

(86) 

(108) 

U00) 

(101) 

(100) 

(82) 

2J, 

Cloquet  River . 

217 

960 

1780 

2750 

4160 

4920 

4700 

(100) 

(111) 

(89) 

(96) 

(90) 

(92) 

24 

Dunka  River . 

221 

930 

1750 

3130 

(97) 

(109) 

(102) 

22 

Stagnant  pool . 

218 

1000 

1680 

3410 

4350 

5100 

5390 

(104) 

(105) 

(111) 

(98) 

(94) 

(105) 

23 

Sulphur  Dam . 

220 

1080 

1850 

3280 

4180 

5870 

4350 

(112) 

(116) 

(106) 

(96) 

(108) 

(85) 

25 

Sulphur  Dam . 

217 

880 

1550 

2970 

4710 

5540 

5840 

(92) 

(97) 

(96) 

(109) 

(102) 

(114) 

Average . 

219 

930 

1720 

3150 

4440 

5470 

4920 

(97) 

(107) 

(102) 

(102) 

(100) 

(98) 
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Table  10. — Compression  Tests  of  Concrete  Using  Impure  Mixing 
Waters — Series  137  ( continued ). 


3 

Sea  water . 

209 

1200 

(125) 

1700 

(106) 

2790 

(90) 

3470 

(80) 

4840 

(89) 

4230 

(82) 

4030 

(93) 

3880 

(99) 

3460 

(104) 

16 

Sea  water . 

220 

1180 

(123) 

1840 

(115) 

2650 

(86) 

3490 

(81) 

4600 

(84) 

4510 

(88) 

3600 

(83) 

3910 

(100) 

2980 

(89) 

4 

Synthetic  sea  water . 

214 

1320 

(137) 

1490 

(93) 

2610 

(85) 

3640 

(84) 

4520 

(83) 

4520 

(88) 

3740 

(86) 

3750 

(96) 

3660 

(110) 

5 

Great  Salt  Lake . 

200 

1080 

(112) 

1460 

(91) 

2380 

(77) 

3300 

(76) 

3870 

(71) 

3360 

(65) 

3800 

(87) 

4090 

(105) 

3260 

(98) 

26 

Devil’s  Lake.  N.  D . 

221 

980 

(102) 

1730 

(107) 

3050 

(99) 

4180 

(96) 

5360 

(98) 

4620 

(90) 

4140 

(95) 

3560 

(91) 

3340 

(100) 

27 

Tile  drain,  Minn . 

216 

1020 

(106) 

1720 

(107) 

3310 

(108) 

4650 

(107) 

5680 

(104) 

4690 

(91) 

4350 

(100) 

4240 

(109) 

3970 

(119) 

28 

Tile  drain,  N.  Mex . 

210 

1210 

(126) 

1800 

(112; 

3160 

(102) 

4170 

(96) 

5420 

(100) 

5070 

(99) 

4620 

(106) 

3780 

(97) 

3590 

(107) 

29 

Tile  drain,  Colo . 

213 

1030 

(107) 

1730 

(107) 

3180 

(103) 

4340 

(100) 

5710 

(105) 

4910 

(96) 

4320 

(99) 

3910 

(100) 

3320 

(99) 

31 

Muddy  Creek,  Utah . 

219 

1180 

(123) 

1480 

(93) 

2790 

(90) 

3880 

(89) 

5340 

(98) 

5010 

(98) 

4540 

(104) 

3660 

(94) 

3390 

(102) 

46 

Price,  Utah . 

233 

1090 

(113) 

1490 

(93) 

2820 

(91) 

4190 

(97) 

4990 

(92) 

4450 

(87) 

4290 

(99) 

3500 

(90) 

3110 

(93) 

Average . 

216 

1130 

(118) 

1640 

(102) 

2870 

(92) 

3930 

(91) 

5030 

(92) 

4540 

(88) 

4140 

(95) 

3830 

(98) 

3410 

(102) 

Group  4. — Solutions  op  Common  Salt 


6 

1  per  cent  common  salt. . . 

212 

1070 

(111) 

1680 

(105) 

2600 

(84) 

3720 

(86) 

4710 

(86) 

4490 

(87) 

4030 

(93) 

3420 

(88) 

3700 

(111) 

7 

2  per  cent  common  salt. . 

221 

1210 

(126) 

1640 

(102) 

2710 

(88) 

3830 

(88) 

4660 

(86) 

4840 

(94) 

3640 

(84) 

3630 

(93) 

3240 

(97) 

8 

5  per  cent  common  salt. . . 

234 

1120 

(117) 

1450 

(90) 

2310 

(75) 

2900 

(67) 

3940 

(72) 

4050 

(79) 

3360 

(77) 

3690 

(95) 

3670 

(110) 

9 

10  per  cent  common  salt. . 

238 

1030 

(107) 

1400 

(87) 

2100 

(68) 

2750 

(63) 

3650 

(67) 

3050 

(59) 

2850 

(66) 

3520 

(90) 

3250 

(97) 

10 

15  per  cent  common  salt. . 

240 

850 

(89) 

1200 

(75) 

2020 

(65) 

2840 

(65) 

3080 

(57) 

2880 

(56) 

276 

(63) 

3640 

(93) 

3640 

(109) 

11 

20  per  cent  common  ea! t . . 

238 

740 

(77) 

1130 

(70) 

1870 

(61) 

2660 

(61) 

3210 

(59) 

3150 

(61) 

2950 

(68) 

3450 

(88) 

3960 

(119) 

Average . 

230 

1000 

(104) 

1420 

(89) 

2270 

(73) 

3120 

(72) 

3880 

(71) 

3740 

(73) 

3260 

(75) 

3560 

(91) 

3530 

(106) 

30 
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Table  10. — Compression  Tests  of  Concrete  Using  Impure  Mixing 
Waters — Series  137  ( continued ). 


12 

Mineral  water,  Colo . 

220 

1020 

(106) 

1600 

(100) 

2360 

(77) 

3590 

(83) 

4650 

(85) 

4780 

(93) 

3710 

(85) 

3240 

(83) 

2660 

(80) 

30 

Mine  waters,  Ariz . 

219 

870 

(91) 

11610 

(101) 

3090 

(100) 

32 

Loop  Creek,  W.  Va . 

213 

9G0 

GOO) 

1670 

(104) 

3150 

(102) 

4440 

(102) 

5480 

(101) 

4500 

(88) 

4260 

(98) 

3810 

(98) 

3420 

(102) 

33 

Coal  mine,  Ill . 

219 

1010 

(105) 

1630 

(102) 

3150 

(102) 

4020 

(93) 

5580 

(102) 

5260 

(103) 

4420 

(102) 

3630 

(93) 

3660 

(110) 

34 

Coal  mine,  III . 

215 

1110 

(116) 

1660 

(104) 

3140 

(102) 

4420 

(102) 

5450 

(100) 

4080 

(80) 

4310 

(99) 

3390 

(87) 

3800 

(114) 

35 

Gypsam  mine,  la . 

222 

1050 

(109) 

1700 

(106) 

3050 

(99) 

4560 

(105) 

5660 

(104) 

4690 

(91) 

4760 

(110) 

4040 

(104) 

3280 

(98) 

43 

Coal  washery,  Pa . 

230 

1010 

(105) 

1600 

(100) 

2990 

(97) 

4470 

(103) 

5640 

(104) 

4780 

(93) 

3790 

(87) 

3720 

(95) 

3490 

(105) 

Average . 

220 

1000 

(104) 

1640 

(102) 

2990 

(97) 

4250 

(98) 

5410 

(100) 

4680 

(91) 

4210 

(97) 

3640 

(93) 

3390 

(102) 

Group  6.— Waters  Containing  Industrial  Waste  and  Sewage 


13 

Illinois  River . 

224 

970 

(101) 

1490 

(93) 

2570 

(83) 

3690 

(85) 

4920 

(90) 

4650 

(91) 

3990 

(92) 

3590 

(92) 

3390 

(102) 

38 

Lakehurst  Air  Station .... 

214 

880 

(92) 

1570 

(98) 

3050 

(99) 

4420 

(102) 

5560 

(102) 

4060 

(79) 

4440 

(101) 

3870 

(99) 

2960 

(89) 

39 

Monongahela  River . 

217 

940 

(98) 

1530 

(96) 

3070 

(100) 

4280 

(99) 

5360 

(98) 

4540 

(88) 

•• 

40 

Refuse,  oil  refinery . 

182 

630 

(00) 

1840 

(115) 

2890 

(94) 

3820 

(88) 

4510 

183) 

4880 

(95) 

42 

Endicott,  N.  Y.  (tannery) 

226 

950 

(99) 

1370 

(86) 

2510 

(81) 

3740 

(86) 

4590 

(84) 

4190 

(82) 

3410 

(78) 

3480 

(89) 

2790 

(84) 

44 

“Bubbly  Creek,"  Chicago 

226 

1090 

(114) 

1540 

(96) 

2950 

(96) 

4330 

(100) 

5500 

(101) 

4790 

(94) 

4400 

(101) 

3540 

(91) 

3360 

(100) 

45 

Cygnet,  Ohio . 

224 

1100 

(115) 

1820 

(114) 

2660 

(86) 

3890 

(90) 

4960 

(91) 

3950 

(77) 

4250 

(98) 

3790 

(97) 

2930 

(88) 

47 

Drainage  Canal . 

217 

990 

(103) 

1540 

(96) 

3000 

(97) 

4210 

(97) 

5120 

(94) 

4810 

(94) 

4570 

(105) 

3740 

(96) 

3910 

(117) 

48 

Allegheny  River  (low 
water) . 

219 

940 

(88) 

1600 

(104) 

3030 

(98) 

4560 

(105) 

5660 

(104) 

4850 

(95) 

4290 

(99) 

4040 

(104) 

3500 

(105) 

41 

Allegheny  River  (high 
water) . 

222 

900 

(94) 

1500 

(94) 

3000 

(97) 

4350 

(100) 

5730 

(105) 

3820 

(74) 

Average . 

217 

940 

(98) 

1590 

(99) 

2870 

(93) 

4130 

(95) 

5190 

(95) 

4450 

(87) 

4190 

(96) 

3730 

(95) 

3260 

(98) 
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The  strength-ratios  are  from  the  curves  for  moist-room  curing  in 
Fig.  2. 

Five  per  cent  of  common  salt  lowers  the  freezing  point  of  water  about 
0°  F.,  but  reduces  the  strength  of  the  concrete  nearly  30  per  cent.  Due  to 
the  serious  reduction  of  strength  by  solutions  of  common  salt,  their  use 
in  mixing  water  should  not  be  permitted. 

Mine  and  Mineral  Waters. — 7  samples  of  water  were  collected  from 
mines  in  Arizona,  Illinois,  Iowa,  Pennsylvania,  West  Virginia  and  from  a 
mineral  spring  in  Colorado.  Chemical  analyses  of  these  waters  showed 
them  to  contain  solids  ranging  from  400  to  4640  parts  per  million.  It  is 
interesting  to  note  that  pumpage  waters  from  coal  and  gypsum  mines  made 
good  concrete.  The  only  water  in  this  group  which  gave  abnormal  values 
was  Sample  12,  from  a  mineral  spring  in  Montrose,  Colo.  This  water  was 
highly  carbonated  when  discharged.  Its  strength-ratios  were  106,  100,  77, 
83,  85  and  93  per  cent.  The  other  waters  gave  approximately  normal 
strengths. 

A  mine  water  (Sample  30)  from  Bisbee,  Arizona,  and  Sample  32  from 
Loop  Creek,  W.  Va.,  which  receives  pumpage  from  24  coal  mines,  showed 
a  lower  proportion  of  impurities  than  some  of  the  fresh  waters  from  city 
water  supplies  and  for  this  reason  might  have  been  included  with  the 
fresh  waters.  Whether  these  samples  are  so  included  makes  little  differ¬ 
ence  since  their  strength  ratios  were  practically  100  per  cent. 

Sewage  and  Industrial  Wastes. — The  waters  in  Group  6,  Series  137, 
have  been  classified  under  this  heading,  as  well  as  most  of  the  waters  in 
Series  138.  These  waters  may  be  divided  into  those  containing  sanitary 
sewage  and  miscellaneous  industrial  wastes.  The  waters  containing  san¬ 
itary  sewage  are  discussed  below  under:  Chicago  Drainage  Canal,  Illinois 
River  Water  and  Monongahela  River  Water.  Undoubtedly  many  of  the 
waters  listed  under  Industrial  Wastes  contained  sanitary  sewage,  but  they 
are  primarily  carriers  of  wastes  from  manufacturing  plants. 

Chicago  Drainage  Canal  carries  Chicago’s  sewage,  diluted  with  flow 
from  Lake  Michigan.  This  water  (Samples  47  and  108)  was  tested  in 
both  Series.  The  chemical  analyses  showed  both  samples  to  be  low  in 
solids.  In  both  series  of  tests  this  water  gave  concrete  strengths  about  the 
same  as  the  fresh  w-aters. 

Illinois  River  Water  (Sample  13)  was  collected  near  Marseilles.  In 
spite  of  the  fact  that  this  stream  carried  Chicago’s  sewage,  the  chemical 
analysis  shows  comparatively  little  foreign  matter;  the  total  solids  were 
less  than  for  many  of  the  fresh  waters.  The  concrete  tests  using  this 
water  gave  results  not  materially  different  from  the  fresh  waters;  while 
strength-ratios  as  low  as  83  per  cent  were  obtained  at  28  days,  it  is  proba¬ 
ble  that  these  variations  wTere  more  or  less  accidental,  since  the  ratios 
increased  at  2  1/3  yr.  to  91  and  102  per  cent  for  moist  room  and  air  curing. 
Strength -ratios  for  waters  from  the  Chicago  Drainage  Canal  and  Illinois 
River  are  summarized  in  Table  17. 

Monongahela  River  Water  (Sample  39)  was  comparatively  free  from 
foreign  material  and  gave  strengths  approximately  normal. 
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Allegheny  River  Water  (Samples  41  and  48)  gave  strengths  approxi¬ 
mately  normal.  There  was  no  essential  difference  in  the  results  obtained 
from  the  low  water  and  high  water  samples. 

Industrial  Wastes. — Waters  carrying  concentrated  wastes  from  many 
different  industries  were  tested  in  both  Series.  The  tests  are  discussed 

under.  Refuse  from  oil  refinery, 

Tannery  wastes. 

Waters  from  “Bubbly  Creek”,  Chicago, 

Brewery  waste, 

Soap  works  waste, 

Gas  plant  waste, 

Waste  from  Corn  Products  Refining  Co., 

Paint  factory  waste, 

Acid  waters, 

Miscellaneous  wastes. 

Refuse  from  Oil  Refinery  from  Franklin,  Pa.,  (Sample  40)  contained 
large  quantities  of  chlorides,  sulphates,  calcium  and  magnesium.  The 
strength-ratios  were  66,  115,  94,  88,  83  and  95  per  cent.  The  low  value  at 
3  days  is  explained  by  the  extremely  slow  setting  of  the  cement;  Table  8 
shows  that  initial  setting  was  delayed  to  about  10  hr.  and  final  setting  to 
over. 36  hr.  Normal  consistency  of  the  cement  with  this  sample  was  26 
per  cent  as  compared  with  22.5  per  cent  for  fresh  waters. 

Tannery  Wastes. — Three  samples  of  waste  from  a  tannery  in  Chicago 
were  tested  in  Series  138;  Sample  42  in  Series  137  from  Endicott,  N.  Y., 
probably  contained  tannery  wastes.  The  principal  impurities  appear  to  be 
calcium  chloride  and  small  quantities  of  sulphates.  The  strength-ratios 
for  these  samples  are  summarized  in  Table  18.  Tan  and  dye  liquor  (Sample 
113)  gave  strength-ratios  of  from  96  per  cent  to  99  per  cent  for  concrete 
mixtures  of  1 :  7  to  1 :  2  at  28  days.  For  relative  consistencies  of  0.90  to 
1.50  in  a  1 :  4  mix  at  28  days  this  sample  gave  strength-ratios  ranging 
from  88  to  99  per  cent.  In  1:  4  concrete  (relative  consistency  1.00)  at 
ages  of  3  days  to  2  1/3  yr.,  the  strength-ratios  were  in  no  cases  less  than 
94  per  cent. 

Soak  Water  (Sample  114)  gave  strength-ratios  for  the  different  con¬ 
ditions  of  test  ranging  from  86  per  cent  to  114  per  cent,  average  94  per 
cent. 

Lime  Soak  (Sample  115)  gave  consistently  lower  strength-ratios  than 
Samples  113  and  114.  For  this  water  the  strength-ratios  ranged  from  78 
to  100  per  cent  and  were  generally  less  than  85  per  cent.  The  strength- 
ratios  for  Tannery  Waste  (Sample  42)  were  essentially  the  same  as  for 
Sample  115. 

“Bubbly  Greek”  water  (Samples  44  and  112)  contains  waste  from  the 
Chicago  Stockyards  and  “Packingtown”  and  probably  represents  the  most 
polluted  body  of  water  in  the  world.  The  odor  is  extremely  offensive. 
During  the  summer  a  scum  consisting  of  grease  and  other  materials  forms 
on  the  surface.  Concrete  tests  were  made  using  this  water  in  both  series. 
The  strength-ratios  are  summarized  in  Table  19  and  are  plotted  in  Fig. 
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Table  11.— Tests  of  Concrete  of  Different  Mixtures — Series  138. 

Compression  tests  of  6  x  12-in.  concrete  cylinders. 

Mix  by  volume;  relative  consistency  1.00. 

Aggregate:  Sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  llA  in. 

Age  at  test,  28  days. 

Each  value  is  the  average  of  10  tests  made  on  different  days  unless  otherwise  noted. 

Values  for  compressive  strength  expressed  in  pounds  per  square  inch. 

The  values  in  parentheses  are  “Strength  Ratios,”  that  is,  percentages  of  the  average  strength  for  fresh 
waters. 

See  Fig.  4. 


Mixing  Water 

1:7a 

(1.03) 

1:5 

(0.85) 

1:46 

(0.75) 

1:3 

(0.65) 

1:2 

(0.55) 

Average 

(0.77) 

Sample 

Com- 

Com- 

Com- 

Com- 

Com- 

Com- 

Source 

Flow 

press- 

ive 

Str. 

Flow 

press- 

ive 

Str. 

Flow 

press- 

ive 

Str. 

Flow 

press- 

ive 

Str. 

Flow 

press- 

ive 

Str. 

Flow 

press- 

ive 

Str. 

101 

Lake  Michigan . 

151 

1880 

178 

3010 

181 

3670 

187 

4480 

187 

5350 

177 

3680 

102 

Distilled . 

114 

1890 

158 

3080 

171 

3680 

176 

4440 

174 

5060 

163 

3630 

103 

Distilled  aerated . 

142 

1900 

156 

3070 

178 

3700 

173 

4600 

171 

5100 

162 

3670 

Average . 

146 

1890 

(100) 

164 

3050 

(100) 

177 

3680 

(100) 

179 

4510 

(100) 

177 

5170 

(100) 

107 

3660 

(100) 

104 

Synthetic  sea  water .... 

145 

1840 

(97) 

155 

2820 

(93) 

177 

3290 

(89) 

171 

3980 

(88) 

173 

4670 

(90) 

162 

3310 

(91) 

106 

Industrial  sewage . 

154 

1850 

(98) 

168 

3150 

(103) 

184 

3780 

(103) 

169 

4480 

(99) 

182 

5220 

(101) 

171 

3680 

(100) 

107 

Brewery  waste . 

157 

1980 

(106) 

178 

3120 

(102) 

194 

3800 

(104) 

180 

4500 

(100) 

196 

5230 

(101) 

181 

3730 

(102) 

108 

Drainage  Canal . 

154 

2150 

(114) 

179 

3230 

(100) 

191 

3870 

(105) 

190 

4390 

(97) 

194 

5300 

(102) 

180 

3790 

(103) 

109 

Soap  works  waste . 

162 

1980 

(105) 

176 

3110 

(102) 

193 

3770 

(103) 

190 

4400 

(98) 

190 

5210 

U01) 

181 

3690 

(101) 

110 

Gas  plant  waste . 

159 

1870 

(99) 

177 

3050 

(100) 

195 

3630 

(99) 

186 

4290 

(95) 

197 

4880 

(94) 

182 

3540 

(97) 

111 

Corn  Products  Co . 

156 

1840 

(97) 

163 

3050 

(100) 

184 

3460 

(94) 

184 

4240 

(94) 

179 

4930 

(95) 

171 

3500 

(96) 

112 

113 

“BubblyCreek, "Chicago 

Tan  and  dye  liquor 

150 

1980 

(105) 

176 

3030 

(99) 

192 

3720 

(101) 

181 

4370 

(97) 

191 

5050 

(97) 

177 

3630 

(99) 

(tannery) . 

152 

1880 

(99) 

172 

2990 

(98) 

185 

3630 

(99) 

189 

4440 

(98) 

189 

4950 

(96) 

176 

3680 

(98) 

114 

Soak  water  (tannery) . . . 

157 

1840 

(97) 

170 

2870 

(94) 

187 

3480 

(94) 

187 

4160 

(92) 

184 

4860 

(94) 

177 

3440 

(94) 

115 

116 

Lime  soak  (tannery) .... 

Paint  manufacturing 

178 

1580 

(83) 

200 

2450 

(80) 

211 

3130 

(85) 

212 

3720 

(82) 

203 

4160 

(80) 

201 

3010 

(82) 

waste . 

158 

1660 

(88) 

167 

2730 

(89) 

190 

3210 

(87) 

190 

3580 

(79) 

187 

4620 

(89) 

177 

3160 

(86) 

117 
GO)  c 

Spent  plating  bath . 

139 

2270 

(120) 

131 

3330 

(109) 

148 

3500 

(95) 

141 

4170 

(93) 

145 

4600 

(89) 

139 

3570 

(98) 

117 

(20)  e 

Spent  plating  bath . 

139 

2040 

(108) 

124 

3020 

(99) 

136 

3250 

(88) 

149 

3770 

(83) 

153 

4350 

(84) 

140 

3290 

(90) 

Average  of  impure 
waters . 

154 

1910 

(101) 

168 

2990 

(98) 

183 

3540 

(96) 

180 

4170 

(92) 

183 

4870 

(95) 

172 

3490 

(95) 

a  The  first  value  is  the  mixture  in  terms  of  volume  of  cement  and  aggregate;  the  values  in  parentheses 
are  the  “water-ratios”  of  the  concrete. 

b  Values  are  average  of  30  tests  from  3  groups;  same  values  are  given  in  Tables  12  and  13. 
c  Percentage  of  Sample  117  used  with  Lake  Michigan  water. 
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Table  12. — Tests  of  Concrete  of  Different  Consistencies — Series  138. 

Compression  tests  of  6  x  12-in.  cylinders. 

Mix  1 : 4  by  volume. 

Aggregate:  Sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  VA  in. 

Age  at  test,  28  days. 

Each  value  is  the  average  of  10  tests  made  on  different  days  unless  otnerwise  notea. 

The  values  for  strength  are  expressed  in  pounds  per  square  inch. 

The  values  in  parentheses  are  “Strength  Ratios,”  that  is,  percentages  of  the  average  strength  for  fresh 
waters. 

See  Fig.  5. 


Mixing  Water 

0.90a 

0.68 

10.05 

0.75 

1.10 

0.82 

1.25 

0.92 

1.50 

1.09 

Average 

0.85 

1 

Com- 

Com- 

Com- 

Com- 

Com- 

Flow 

c 

Com- 

Source 

Flow 

press- 

ive 

Str. 

Flow 

press- 

ive 

Str. 

Flow 

press- 

ive 

Str. 

Flow 

press- 

ive 

Str. 

Flow 

press- 

ive 

Str. 

press- 

ive 

Str. 

101 

Lake  Michigan . 

130 

4300 

181 

3670 

215 

3350 

d 

2850 

d 

1540 

172 

3140 

102 

Distilled . 

131 

4170 

171 

3680 

219 

3270 

2470 

1620 

177 

3040 

103 

Distilled  aerated . 

135 

4140 

178 

3700 

210 

3420 

2430 

1600 

177 

3060 

Average . 

132 

4200 

(100) 

177 

3680 

(100) 

217 

3350 

(100) 

2580 

(100) 

1590 

(100) 

174 

3080 

(100) 

104 

Synthetic  sea  water .... 

136 

3660 

(87) 

177 

3290 

189) 

205 

2830 

(85) 

2240 

(87) 

1470 

(92) 

174 

2690 

(87) 

106 

Industrial  sewage . 

136 

4110 

(98) 

184 

3780 

(103) 

233 

3230 

(96) 

2450 

(95) 

1580 

(100) 

183 

3030 

(98) 

107 

Brewery  waste . 

142 

4250 

(101) 

194 

3800 

(104) 

234 

3360 

(100) 

2570 

(100) 

1580 

(100) 

190 

3110 

(101) 

108 

Drainage  Canal . 

144 

4380 

(104) 

191 

3870 

(105) 

219 

3470 

(104) 

2670 

(104) 

1530 

(93) 

184 

3180 

(103) 

109 

Soap  works  waste . 

141 

4230 

(101) 

193 

3770 

(103) 

206 

3330 

(99) 

2500 

(97) 

1550 

(97) 

180 

3080 

(100) 

110 

Gas  plant  waste . 

141 

4000 

(95) 

195 

3630 

(99) 

226 

3210 

(96) 

2380 

(92) 

1520 

(96) 

183 

2950 

(96) 

111 

Corn  Products  Co . 

136 

3830 

(91) 

184 

3460 

(94) 

226 

3200 

(96) 

2510 

(97) 

1480 

(93) 

182 

2900 

(94) 

112 

113 

“Bubbly  Creek,"  Chicago 

Tan  and  dye  liquor  (tan- 

141 

4000 

495) 

192 

3720 

(101) 

228 

3300 

(99) 

2500 

(97) 

1580 

(100) 

187 

3020 

(98) 

nery) . 

133 

4060 

(97) 

185 

3630 

(99) 

220 

3100 

(93) 

2260 

(88) 

1500 

(94) 

178 

2910 

(95) 

114 

Soak  water  (tannery) . . . 

137 

3890 

(93) 

187 

3480 

(94) 

225 

3900 

(92) 

2390 

(93) 

1370 

(86) 

183 

2840 

(92) 

115 

116 

Lime  soak  (tannery) 

Paint  manufacturing 

158 

3500 

(83) 

211 

3130 

(85) 

243 

2640 

(79) 

2030 

(79) 

1260 

(79) 

202 

2510 

(82) 

waste. . . 

141 

3740 

(89) 

190 

3210 

(87) 

233 

2850 

(85) 

2150 

(83) 

1340 

(84) 

188 

2660 

(86) 

117 

(10) 

Spent  plating  bath . 

118 

3790 

(90) 

148 

3500 

(95) 

169 

3140 

(94) 

2510 

(97) 

1680 

(106) 

148 

2920 

(95) 

117 

(20) 

Spent  plating  bath .... 

115 

3910 

(93) 

136 

3250 

(88) 

162 

3160 

(94) 

2500 

(97) 

1650 

(104) 

136 

2890 

(91) 

Average  of  impure 
waters . 

137 

3950 

(94) 

183 

3540 

(96) 

216 

3130 

(93) 

2400 

(93) 

..  . 

1570 

(99) 

178 

2900 

(94) 

a  The  first  figure  represents  the  “relative  consistency”  of  the  concrete;  the  second  figure  is  the 
"water-ratio.” 

b  Values  are  average  of  30  tests  from  3  groups.  Same  values  are  given  in  Tables  11  and  13. 
c  Flows  average  of  relative  consistencies,  0.90,  1.00,  and  1.10  only. 
d  Over  limit  of  flow  table. 

e  Percentage  of  Sample  117  used  with  Lake  Michigan  water. 
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Table  13. — Tests  of  Concrete  at  Different  Ages — Series  138. 

Compression  tests  of  6  x  12-in.  concrete  cylinders. 

Mix  1:4  by  volume. 

Relative  consistency  1.00;  water-ratio  a  0.75. 

•  Aggregate  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  lj^'in. 

Values  for  compressive  strength  expressed  in  pounds  per  square  inch. 

Each  value  is  the  average  of  10  tests  made  on  different  days  unless  otherwise  noted. 

The  values  in  parenthesis  are  “  Strength  Ratios,”  that  is,  percentages  of  the  average  strength  for  fresh 
waters. 

See  Fig.  6. 


Mixing  Water 

Compressive  Strength,  lb.  per  sq.  in. 

Sample 

Source 

3  days 

7  days 

28  days  b 

months 

1  year 

2  >3  years 

101 

181 

1240 

2150 

3670 

5350 

6140 

6200 

102 

171 

1270 

2240 

3680 

5340 

6060 

6680 

103 

178 

1170 

1990 

3700 

5140 

5810 

6500 

177 

1230 

2130 

3680 

5280 

6000 

6460 

(100) 

(100) 

(100) 

(100) 

(100) 

(100) 

104 

177 

1590 

2250 

3290 

4200 

5260 

5380 

(129) 

(106) 

(89) 

(79) 

(88) 

(81) 

105 

141 

1350 

2170 

3220 

4430 

5270 

5950 

(110) 

(102) 

(88) 

(84) 

(88) 

(92) 

106 

184 

1230 

2090 

3780 

5220 

5910 

6420 

(100) 

(98) 

(103) 

(99) 

(99) 

(99) 

107 

194 

1190 

2080 

3800 

5290 

5710 

6060 

(97) 

(98) 

(104) 

(100) 

(95) 

(94) 

108 

191 

1240 

2170 

3870 

5200 

6070 

6480 

(101) 

(102) 

(105) 

(98) 

(101) 

(100) 

109 

193 

1260 

2100 

3770 

5090 

5910 

6660 

(102) 

(99) 

(103). 

(96) 

(99) 

(103) 

110 

195 

1160 

2000 

3630 

4860 

5470 

6260 

(94) 

(94) 

(99) 

(92) 

(91) 

(97) 

111 

184 

1220 

2020 

3460 

4790 

5460 

6070 

(99) 

(95) 

(94) 

(90) 

(91) 

(94) 

112 

“Bubbly  Creek,”  Chicago  — 

192 

1300 

(106) 

2130 

(100) 

3720 

(101) 

5160 

(98) 

5880 

(98) 

6340 

(98) 

113 

Tan  and  dye  liquor  (tannery) . 

185 

1300 

(106) 

2070 

(97) 

3630 

(99) 

4960 

(94) 

5650 

(94) 

6270 

(97) 

114 

187 

1400 

2150 

3480 

4730 

5350 

6090 

(114) 

(101) 

(94) 

(90) 

(89) 

(94) 

115 

211 

1230 

1870 

3130 

4120 

4900 

5660 

(100) 

(88) 

(85) 

(78) 

(82) 

(88) 

116 

Paint  manufacturing  waste. . 

190 

1110 

(90) 

1740 

(82) 

3210 

(87) 

4200 

(80) 

5210 

(87) 

5720 

(88) 

117  (10)< 

148 

1050 

1880 

3500 

4580 

5280 

5610 

(85) 

(88) 

(95) 

(87) 

(88) 

(87) 

117  (20)c 

130 

910 

1840 

3250 

4630 

5340 

5580 

(74) 

(86) 

(88) 

(88) 

(89) 

(85) 

Average  of  impure  water 

181 

1230 

(100) 

2040 

(96) 

3510 

(95) 

4760 

(90) 

5500 

(92) 

6040 

(93) 

a  10  per  cent  more  mixing  water  was  used  for  Sample  117  (20),  due  to  quick  stiffening. 
b  Values  are  average  of  30  tests  made  from  three  groups.  Same  values  are  given  in  Tables  11  and  12. 
c  Percentage  of  Sample  117  used  with  Lake  Michigan  water. 
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Table  14. — Tests  of  1:3  Standard  Sand  Mortars — Series  138. 

Compression  tests  of  2  x  4-in  mortar  cylinders  and  tension  tests  of  briquets. 

Tests  made  in  accordance  with  Standard  Specifications  and  Tests  for  Portland  Cement  of  the  American 
Society  for  Testing  Materials. 

Specimens  stored  in  water  until  test;  tested  damp. 


waters. 


Each  value  is  the  average  of  5  tests  made  on  different  days. 

va^ues  ’n  parentheses  are  ‘Strength  Ratios,”  that  is  percentages  of  the  average  strength  for  fresh 


Mixing  Water 

[  Flow 

g 

5? 

Tensile  Strength, 
lb.  per  sq.  in. 
(Briquets) 

Compressive  Strength 
lb.  per  sq.  in. 

(2  by  4-in.  Cylinders) 

Sample 

Source 

£ 

3 

days 

7 

days 

28 

days 

3 

mo. 

1 

year 

2K 

years 

3 

days 

7 

days 

28 

days 

3 

mo. 

1 

year 

2H 

years 

101 

Lake  Michigan . 

112 

10.5 

215 

255 

375 

410 

415 

395 

1060 

1700 

2800 

3550 

3730 

3840 

102 

Distilled  water . 

114 

10.5 

220 

290 

400 

380 

420 

390 

1170 

1810 

2920 

3760 

4130 

4140 

103 

Distilled  aerated . 

112 

10.5 

235 

260 

400 

400 

430 

395 

1190 

1520 

2630 

3840 

4370 

3680 

Average .... 

113 

10.5 

220 

(100) 

270 

(100) 

390 

(100) 

395 

(100) 

420 

(100) 

395 

(100) 

1140 

(100) 

1680 

U00) 

2780 

U00) 

3720 

(100) 

4080 

(100) 

3890 

(100) 

104 

Synthetic  sea  water. . 

115 

10.5 

225 

(102) 

280 

(104) 

370 

(95) 

370 

(94) 

400 

(95) 

400 

(101) 

1320 

(116) 

1740 

(104) 

2660 

(90) 

3470 

(93) 

3680 

(90) 

3510 

(90) 

105 

Medicine  Lake,  S.  D. 

110 

10.7 

230 

(105) 

300 

(111) 

415 

(106) 

425 

(108) 

420 

(100) 

395 

(100) 

1300 

(114) 

1870 

(111) 

2730 

08) 

3680 

(99) 

3930 

(96) 

3990 

(103) 

100 

Industrial  sewage. . . . 

114 

10.5 

225 

(102) 

285 

(106) 

375 

(96) 

390 

(99) 

400 

(95) 

395 

(100) 

1100 

(96) 

1550 

(92) 

2810 

(101) 

3640 

(98) 

4310 

(106) 

3320 

(85) 

107 

Brewery  waste . 

113 

10.5 

220 

(100) 

290 

(107) 

360 

(92) 

390 

(99) 

390 

(93) 

395 

(100) 

1180 

(104) 

1750 

(104) 

2800 

(101) 

3950 

(106) 

4440 

(109) 

3900 

(100) 

108 

Drainage  Canal . 

112 

10.5 

210 

(95) 

270 

(100) 

365 

(94) 

390 

(99) 

390 

(93) 

370 

(94) 

1080 

(95) 

1650 

(98) 

2700 

(97) 

3740 

(101) 

4290 

(105) 

3480 

(90) 

109 

Soap  works  waste. . . . 

116 

10.5 

210 

(95) 

265 

(98) 

370 

(95) 

410 

(104) 

430 

(102) 

365 

(92) 

1070 

(94) 

1660 

(99) 

2810 

(101) 

3530 

(95) 

3980 

(97) 

3870 

(99) 

110 

Gas  plant  waste . 

114 

10.5 

210 

(95) 

280 

(104) 

365 

(94) 

400 

U01) 

385 

(92) 

370 

(94) 

1040 

(91) 

1760 

(105) 

2720 

(98) 

3680 

r99) 

4090 

(100) 

3620 

(.93) 

111 

112 

Corn  Products  Co .  .  . 

"Bubbly  Creek,” 

115 

10.5 

210 

(95) 

275 

(102) 

360 

(92) 

410 

(104) 

365 

(87) 

385 

197) 

1190 

(104) 

1820 

(108) 

2650 

(96) 

3760 

(101) 

4060 

(99) 

3180 

(82) 

113 

Chicago,...  . 

Tan  and  dye  liquor 

114 

10.5 

200 

(91) 

265 

(98) 

350 

(90) 

420 

(106) 

385 

(92) 

375 

(95) 

1110 

(97) 

1640 

(98) 

2710 

(97) 

3580 

(96) 

3980 

(97) 

3820 

(98) 

(tannery) . 

116 

10.5 

225 

(102) 

280 

(104) 

380 

(97) 

420 

(106) 

420 

(99) 

365 

(92) 

1130 

(99) 

1800 

(107) 

2550 

(92) 

3380 

(91) 

3540 

(86) 

3770 

(97) 

114 

Soak  water  (tannery) 

112 

10.5 

225 

(102) 

285 

(106) 

345 

(88) 

400 

(101) 

405 

(96) 

385 

(97) 

1230 

(108) 

I860 

(111) 

2710 

(97) 

3130 

(84) 

3570 

(87) 

3700 

(97) 

115 

116 

Lime  soak  (tannery) . 

Paint  manufacturing 

135 

10.5 

210 

(95) 

265 

(98) 

320 

(82) 

340 

(86) 

355 

(85) 

385 

(97) 

1140 

(100) 

1760 

(105) 

2380 

(86) 

3210 

(86) 

3530 

(86) 

3140 

(81) 

waste . 

114 

10.5 

220 

(100) 

270 

(100) 

365 

(94) 

350 

(89) 

400 

(95) 

405 

(102) 

1190 

(104) 

1780 

(106) 

2890 

(104) 

3550 

(95) 

3970 

(97) 

3570 

(92) 

117 
(20)  a 

Spent  plating  bath. . . 

106 

11.0 

180 

(82) 

270 

(100) 

370 

(95) 

440 

(111) 

420 

(100) 

365 

(92) 

1270 

(111) 

1830 

(109) 

3030 

(109) 

3870 

(104) 

4460 

(109) 

4380 

(113) 

117 

Spent  plating  bath. . . 

111 

10.8 

210 

285 

410 

430 

435 

385 

1250 

1880 

2720 

3960 

4420 

4220 

(10)a 

(95) 

(106) 

(105) 

(109) 

(104) 

(97) 

(110) 

(112) 

(98) 

(106) 

(108) 

(109) 

Average  of  impure 
waters . 

114 

10.5 

215 

(98) 

260 

(104) 

365 

(94) 

400 

(101) 

396 

(94) 

380 

(96) 

1170 

(103) 

1760 

(105) 

2720 

(98) 

3600 

(97) 

4020 

(99) 

3710 

(95) 

a  Percentage  of  Sample  117  used  with  Lake  Michigan  water. 
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Table  15. — Summary  of  Tests  of  Concrete  Mixed  with  Fresh  Water. 

Mix,  1:4  by  volume.  See  Tables  10  and  13  and  Figs.  3  and  6. 

For  data  on  other  mixes  and  consistencies  using  fresh  water  see  Tables  11  and  12. 


Curing  Condition 

Compressive  Strength,  lb.  per  sq.  in. 

3  days 

7  days 

28  days 

3  months 

1  year 

234  years 

Series  137 — Relative  Consistency  1.10 

Moist  room . 

Moist  room  28  days,  remainder  in  air . 

960 

1600 

3080 

4340 

4350 

5450 

3900 

5130 

3340 

Series  138— Relative  Consistency  1.00 

Moist  room . 

1230 

2130 

3680 

5280 

6000 

6460 

Table  16— Strength-Ratios  of  Concrete  Mixed  with  Sea  Water  and 
Synthetic  Sea  Water. 


Mix  1:4  by  volume,  unless  otherwise  noted. 

Relative  consistency  1.10  for  Series  137  and  1.00  for  Series  138,  unlese  otherwise  noted 
For  details,  see  Tables  10  to  13;  also  Figs.  4  to  6. 


Sea  Water 

Synthetic  Sea  Water 

Samples  3  and  16 
Series  137 

Sample  4 — Series  137 

Sample  104 — Series  138 

Age  at 
Test 

Moist 

Room 

Air* 

Moist  Room  Curing 

Age  at 
Test 

Moist 

Room 

Air* 

Age  at 
Test 

Strength 

Ratio 

Mix  by 
Volume 

Strength 

Ratio 

Relative 

Consist¬ 

ency 

Strength 

Ratio 

3  days 

7  days 
28  days 

3  months 

1  year 

2 years 

124 

110 

88 

80 

86 

85 

88 

100 

96 

3  days 

7  days 
28  days 

3  months 

1  year 
2pj  years 

137 

93 

85 

84 

83 

88 

86 

96 

110 

3  days 

7  days 
28  days 

3  months 

1  year 
23ds  years 

129 

106 

89 

79 

88 

81 

1:7 

1:5 

1:4 

1:3 

1:2 

97 

93 

89 

88 

90 

0.90 

1.00 

1.10 

1.26 

1.50 

87 

89 

85 

87 

92 

*  Moist  room  28  days;  remainder  in  air. 
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Table  17. — Strength-Ratios  for  Concrete  Mixed  with  Water  from 
Chicago  Drainage  Canal  and  Illinois  River. 


Mix  1:4,  by  volume. 

Series  137  was  begun  Aug.,  1920;  Series  138,  April,  1921. 
For  details  see  Table  10;  also  Fig.  6. 


Strength-Ratio,  per  cent 

Age  at  Test 

Illinois  River 

Chicago  Drainage  Canal 

Sample  13 

Series  137 

Sample  47 

Series  137 

Sample  108 
Series  138 

Moist  Room 

Air 

Moist  Room 

Air 

Moist  Room 

101 

103 

101 

93 

96 

102 

83 

97 

105 

85 

92 

97 

105 

98 

90 

92 

94 

90 

101 

91 

102 

94 

117 

100 

Table  18. — Strength-Ratios  of  Concrete  Mixed  with  Tannery 

Wastes. 

For  details  see  Tables  10  to  13,  also  Fig.  4  to  6. 


• 

Strength-Ratio,  per  cent 

Mix 

Relative 

Consistency 

Water- 

Cement 

Ratio 

Age  at  Test 

Series  137 

Series  138 

Tannery  Waste 

Tan  and  Dye 

Soak  Water 

Lime  Soak 

(42) 

Liquor  (113) 

(114) 

(115) 

1:7 . 

1.00 

1.03 

28  days 

99 

97 

83 

1:5 . 

1.00 

0.85 

28  days 

98 

94 

80  . 

1:4 . 

1.00 

0.75 

28  days 

99 

94 

85 

1:3 . 

1.00 

0.65 

28  days 

98 

92 

82 

1:2 . 

1.00 

0.55 

28  days 

96 

94 

80 

1:4 . 

0.90 

0.68 

28  days 

97 

93 

83 

1:4 . 

1.00 

0.75 

28  days 

99 

94 

85 

1:4 . 

1.10 

0.82 

28  days 

93 

92 

79 

1:4 . 

1.25 

0.92 

28  days 

88 

93 

79 

1:4 . 

1.50 

1.09 

28  days 

94 

86 

79 

1:4 . 

1.00 

3  days 

99* 

106 

114 

100 

1:4 . 

1.00 

7  days 

86* 

97 

101 

88 

1:4 . 

1.00 

28  days 

81* 

99 

94 

85 

1:4  . 

1.00 

3  months 

86* 

94 

90 

78 

1:4 . 

1  00 

1  year 

84* 

94 

89 

82 

1:4 . 

1.00 

years 

82* 

97 

94 

88 

Relative  consistency  1.10;  see  Table  10. 
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Table  19. — Strength-Ratios  of  Concrete  Mixed  with  Water  from 

“Bubbly  Creek ”. 


Mix  1:4;  age  at  test,  28  days,  unless  otherwise  noted. 
Moist-room  curing,  unless  otherwise  noted. 

For  details  see  Tables  10  to  13,  also  Fig.  4  to  6. 


Sample  44 — Series  137 

Sample  112 — Series  138 

Age  at 
Test 

Strength-Ratio, 
per  cent 

Age  at 
Test 

Strength- 
Ratio, 
per  cent 

Mix 

Strength- 
Ratio, 
per  cent 

Relative 

Consist¬ 

ency 

Strength- 
Ratio, 
per  cent 

Moist  Room 

Air 

3  days . 

7  days . 

28  days . 

3  months. . . . 

114 

96 

96 

100 

101 

94 

ioi 

91 

100 

3  days 

7  days 

28  days 

3  months 

1  year 
years 

106 

100 

101 

98 

98 

98 

1:7 

1:5 

1:4 

1:3 

1:2 

105 

99 

101 

97 

97 

0.90 

1.00 

1.10 

1.25 

1.50 

95 

101 

99 

97 

100 

2 years.. . . 

Table  20.— Strength-Ratios  of  Concrete  Mixed  with  Wastes  from 
Corn  Products  Plant  and  Paint  Factory 


Mix  1:4;  relative  consistency  1.00;  age  at  test,  28  days,  unless  otherwise  noted. 
See  Tables  11  to  13  for  details;  also  Fig.  4  to  6. 


Strength- 

Strength- 

Age  at  Test 

Strength- 

Water  Sample 

Mix 

Ratio, 
per  cent 

Consistency 

Ratio, 
per  cent 

Ratio, 
per  cent 

1:7 

97 

0.90 

91 

3  days 

99 

1:5 

100 

1.00 

94 

7  days 

95 

Corn  Products  (111) . 

1:4 

1:3 

94 

94 

1.10 

1.25 

96 

97 

28  days 

3  months 

94 

90 

1:2 

95 

1.50 

93 

1  year 

91 

2)4  years 

94 

1:7 

88 

0.90 

89 

3  days 

90 

1:5 

89 

1.00 

87 

7  days 

82 

Paint  Factory  (116) . 

1:4 

1:3 

87 

79 

1.10 

1.25 

85 

83 

28  days 

3  months 

87 

80 

1:2 

89 

1.50 

84 

1  year 

87 

years 

88 

Table  21. — Strength-Ratios  of  Concrete  Mixed  with  Acid  Waters. 

Sample  117,  Series  138.  See  Tables  11  to  13  for  details;  also  Fig.  4  to  6. 

Mix  1:4;  relative  consistency  1.00:  age  at  test,  28  days,  unless  otherwise  noted. 

10  and  20  per  cent  refer  to  quantity  of  acid  water  mixed  with  water  from  Lake  Michigan. 


Mix 

Strength-Ratio 
per  cent 

Relative 

Consistency 

Strength-Ratio 
per  cent 

Age  at  Test 

Strength-Ratio 
per  cent 

10 

20 

10 

20 

10 

20 

1:7 

120 

108 

0.90 

90 

93 

3  days 

85 

74 

1:5 

109 

99 

1.00 

95 

88 

7  days 

88 

86 

1:4 

95 

88 

1.10 

94 

94 

28  days 

95 

88 

1-3 

93 

83 

1.25 

97 

97 

3  months 

87 

88 

1-2 

89 

84 

1.50 

106 

104 

1  year 

88 

89 

214  years 

87 

85 
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FIG.  1. — EFFECT  OF  S04  IN  MIXING  WATER  ON  THE  STRENGTH  OF  CONCRETE. 
(Data  from  Series  137.) 

Compression  tests  of  4  x  S-in.  concrete  cylinders,  cured  in  moist  room.  Mix 
1 :  4  by  volume ;  relative  consistency  1.10 ;  aggregate  graded  0-%-in.  Cement :  a 
mixture  of  5  brands  of  Portland  cement  purchased  in  Chicago.  Each  value  is 
the  average  of  5  or  6  tests  made  on  different  days. 


Strength-Ratio  -  percent 
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FIG.  2. — EFFECT  OF  COMMON  SALT  IN  MIXING  WATER  ON  THE  STRENGTH 
OF  CONCRETE. 

(Data  from  Series  137.) 

Compression  tests  of  4  x  8-in.  concrete  cylinders.  Mix  1 : 4  by  volume ;  rela¬ 
tive  consistency  1.10;  aggregate  graded  0-%-in.  Each  value  is  the  average 
of  5  or  6  tests  made  on  different  days. 


CompresssVe  Pfr e/?pf /?-/£.  per  sp. /ry. 
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FIG.  3.  EFFECT  OF  TYPE  OF  MIXING  WATER  ON  THE  STRENGTH  OF  CONCRETE. 


(Data  from  Series  137.) 


Compression  tests  of  4  x  8-in.  concrete  cylinders, 
tive  consistency  1.10;  aggregate  graded  0-%-in. 
for  all  of  the  waters  in  a  given  group. 


Mix  1:4  by  volume ;  rela- 
Each  value  is  the  average 


-5/rer?p/p  -  /?aPo  -  percer?/ 
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FIG.  4. - EFFECT  OF  QUANTITY  OF  CEMENT  ON  THE  STRENGTH  OF  CONCRETE 

MIXED  WITH  IMPURE  WATERS. 

(Data  from  Series  138.) 

Compression  tests  of  6  x  12-in.  concrete  cylinders,  cured  in  moist  room.  Mix 
by  volume ;  relative  consistency  1.00 ;  aggregate  graded  0-1%  in.  Cement :  a 
mixture  of  5  brands  of  Portland  cement  purchased  in  Chicago.  Age  at  test  28 
days.  In  general,  each  value  is  the  average  of  10  tests  made  on  different  days. 
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FIG.  5. — EFFECT  OF  CONSISTENCY  ON  THE  STRENGTH  OF  CONCRETE 
MIXED  WITH  IMPURE  WATERS. 

(Data  from  Series  138.) 

Compression  tests  of  6  x  12-in.  concrete  cylinders,  cured  in  moist  room.  Mix 
1 :  4  by  volume;  aggregate  graded  0-1 Y2  in.  Age  at  test  28  days.  In  general, 
each  value  is  the  average  of  10  tests  made  on  different  days. 


•<?//?\  -  /b.  per~sp  //?. 
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FIG.  6. — EFFECT  OF  AGE  ON  THE  STRENGTH  OF  CONCRETE  MIXED  WITH 
IMPURE  WATERS. 

(Data  from  Series  138.) 

Compression  tests  of  6  x  12-in.  concrete  cylinders,  cured  in  moist  room.  Mix 
1 : 4  by  volume;  relative  consistency  1.00;  aggregate  graded  0-1%  in.  In  gen¬ 
eral,  each  value  is  the  average  of  10  tests  made  on  different  days. 


Comprers/Ve  ^fre/ 7pff?  -  /&  per  /r?. 
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Wafer  -  <pa/.  per  eacAr  of  cemenf 

FIG.  7. — EFFECT  OF  QUANTITY  OF  MIXING  WATEK  ON  THE  STRENGTH  OF 

CONCRETE. 

(Data  from  Series  138.) 

Compression  tests  of  6  x  12-in.  concrete  cylinders,  cured  in  moist  room.  Mix 
by  volume;  aggregate  graded  0-1  y2  in.  Age  at  test  28  days.  In  general,  each 
value  is  the  average  of  30  tests. 
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CALCIUM  CHLORIDE  AS  AN  ADMIXTURE  IN  CONCRETE 
By  Duff  A.  Abrams1 


SUMMARY  AND  CONCLUSIONS 


Calcium  chloride  and  other  soluble  compounds  of  calcium- 
chloride  base  have  been  recommended  as  “accelerators”  or  admix¬ 
tures  in  concrete  for  attaining  rapid  set  and  early  strength.  These 
investigations,  which  were  originally  begun  in  cooperation  with  Com¬ 
mittee  C-9  of  the  American  Society  for  Testing  Materials,  were  made 
to  study  the  effect  of  such  admixtures  on  the  compressive  strength 
of  concrete  and  mortar.  Strength  tests  of  concrete  and  mortar  weie 
made  at  ages  of  2  days  to  3  years  using  admixtures  of  calcium  chloride 
from  two  different  manufacturers  and  three  proprietary  compounds 
of  calcium-chloride  base.  The  tests  covered  a  wide  range  of  mixtures, 
consistencies,  and  curing  conditions,  and  included  studies  with  four 
different  brands  of  cement.  In  one  series  of  tests,  magnesium  chloride 
was  included.  For  purpose  of  comparison  parallel  tests  were  made  on 
concrete  and  mortar  without  admixtures.  A  few  tests  were  made 
using  calcium  chloride  in  concrete  cured  at  low  temperature. 

Tests  were  made  on  about  7500  compression  specimens  in  three 
separate  investigations  as  follows: 

Series  1  ^.—Compression  tests  of  concrete  and  mortar  at 
ages  of  2  days  to  3  years  using  two  different  brands  of  calcium 
chloride,  standard  and  low  chlorine  “Cal,”  Vitriflux,  and  mag¬ 
nesium  chloride  in  varying  amounts  of  admixtures.  Tests  on 
one  brand  of  calcium  chloride  were  extended  to  include  a  wide 
range  of  mixes,  consistencies,  curing  conditions  and  four  different 
Portland  cements. 

Series  158—  Compression  tests  of  1:5.2  concrete  at  ages  of 
7  days  to  2\  years  using  calcium  chloride  as  admixture  for  a  wide 
range  of  periods  of  curing  in  moist  room  followed  by  air  curing. 
The  influence  of  calcium  chloride  on  strength  of  concrete  made 
from  five  different  cements  was  also  studied. 

Series  188—  Compression  tests  of  1:5  concrete  cured  at  low 
temperatures  at  ages  of  1  day  to  3  months.  In  certain  tests 
calcium  chloride  was  used  as  admixture. 
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Concrete  and  mortar  tests  were  made  in  accordance  with  stand¬ 
ardized  methods.  In  general,  each  set  included  5  to  10  concrete 
specimens  or  5  mortar  specimens  made  on  different  days. 

The  strength  of  concrete  containing  admixtures  was  compared 
with  the  strength  of  similar  concrete  without  admixtures  for  the  same 
mix,  age,  curing  condition,  etc. 

The  principal  conclusions  from  these  tests  are: 

1.  Calcium  chloride  and  the  admixtures  containing  calcium 
chloride  when  used  within  certain  limiting  percentages,  gave  increased 
strength  to  concrete. 

2.  Magnesium  chloride  in  flake  form  (46  per  cent  magnesium 
chloride,  54  per  cent  water)  when  used  in  concrete  caused  a  reduction 
in  strength  except  for  small  percentages,  which  showed  a  slight 
increase  for  2  and  7-day  tests. 

3.  The  effect  of  the  calcium-chloride  admixtures  in  concrete 
varied  with  the  type  and  quantity  of  admixture.  When  the  tests  are 
compared  on  the  basis  of  chlorine  content  the  different  admixtures 
give  similar  results  but  not  the  same  numerical  values. 

4.  Calcium-chloride  admixtures  of  the  types  used  increased  the 
strength  of  concrete  approximately  in  proportion  to  the  amount  used 
up  to  a  certain  “ optimum”  percentage;  the  strength  increase  became 
less  for  further  additions.  Beyond  a  certain  “critical”  percentage 
further  additions  produced  a  reduction  in  strength  as  compared  to 
similar  concrete  without  admixtures. 

5.  Optimum  and  critical  percentages  for  the  calcium  chloride 
admixtures  used  in  these  tests  for  1:5.2  concrete  of  normal  consistency 
and  cured  in  moist  room,  were  as  follows: 


Admixture 

Per  Cent  of  Admixture 
by  Weight  of  Cement 

Per  Cent  of  Chlorine 
by  Weight  of  Cement 

Optimum 

Critical 

Optimum 

Critical 

Commercial  Calcium  Chloride  A . 

Commercial  Calcium  Chloride  B. . 

Standard  Cal . 

2  to  4 

2  to  4 

7  to  10 
about  10 

6  to  8 

6  to  8 

6  to  8 

15  toii20 

15  to  20 

10  to  15 

1  to  2 

1  to  2 

1  to  2 

1  to  2 

1  to  2 

3  to  4 

3  to  4 

3  to  4 

2  to  3 

2  to  3 

Low-Chlorine  Cal . 

Vitriflux . 

6.  The  relative  effectiveness  of  the  different  admixtures  when 
compared  on  the  basis  of  strength-ratio  (the  ratio  of  the  strength  of 
concrete  containing  admixture  to  that  of  similar  concrete  without 
admixture,  expressed  as  a  percentage)  for  the  optimum  percentages, 
is  shown  by  the  following  strength-ratios,  which  are  based  on  tests  of 
1 : 5.2  concrete  of  normal  consistency  cured  in  the  moist  room: 
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Admixture 

Strength-Ratio  for  Optimum  Percentage 

2  days 

7  days 

28  days 

3  mo. 

1  yr. 

3  yr. 

Commercial  Calcium  Cliloride  A . 

170 

125 

110 

112 

117 

118 

Commercial  Calcium  Chloride  B . 

147 

124 

109 

109 

119 

116 

Standard  Cal . 

151 

123 

107 

107 

121 

119 

Low-Chlorine  Cal . 

143 

118 

101 

104 

113 

111 

Vitriflux . 

138 

115 

106 

108 

109 

114 

7.  The  addition  of  calcium-chloride  admixtures  in  amounts  less 
than  the  “critical”  percentage  produced  an  increase  in  concrete 
strength  that  was  practically  constant  at  all  ages.  This  constant 
strength  increase,  when  expressed  as  a  percentage  of  the  strength  of 
concrete  without  admixture,  showed  a  diminishing  ratio  as  the  con¬ 
crete  gained  in  strength  with  age. 

8.  The  addition  of  2  per  cent  of  calcium  chloride  to  1 : 5.2  con¬ 
crete  of  the  consistency  ordinarily  used  in  construction  work  (1.10 
to  1.25)  produced  an  increase  in  compressive  strength  of  100  to  200  lb. 
per  sq.  in.  at  ages  of  2  days  to  3  years;  for  1.50  consistency  there 
was  little  or  no  increase;  for  consistency  0.90  the  increase  was 
about  550  lb.  per  sq.  in. 

9.  The  increase  in  strength  due  to  the  addition  of  2  per  cent  of 
commercial  calcium  chloride  was  practically  negligible  for  a  1:7  mix; 
it  increased  with  the  cement  content  up  to  about  a  1:4  mix,  for  mixes 
richer  than  1 :4  the  strength  increase  remained  about  the  same.  The 
strength  increase  for  the  different  mixes  and  the  corresponding 
strength-ratios  for  ages  of  2  days  to  3  years  were  as  follows: 


Mix 

Strength  Increase,  lb.  per  sq.  in. 
(same  lor  all  ages) 

Strength-Ratio,  per  cent  (Fig.  4) 

2  days 

7  days 

28  days 

3  mo. 

3  yr. 

1:7 . 

Negligible  (±100) 

115 

107 

85 

88 

95 

1:5.2. . . 

400 

138 

125 

107 

110 

110 

1:4 . 

700 

148 

130 

119 

117 

115 

1:3 . 

1200 

150 

130 

122 

119 

115 

1:2 . 

1300 

149 

130 

122 

120 

105 

10.  The  tests  confirm  the  relation  between  water-cement  ratio 
and  compressive  strength  pointed  out  in  other  publications  of  this 
Laboratory.  The  water-ratio  -  strength  curves  for  2  per  cent  of  com¬ 
mercial  calcium  chloride  were  similar  in  form  to  those  for  plain  con¬ 
crete  but  divergent  at  the  lower  water-ratios,  showing  the  greater 
effect  of  the  calcium  chloride  on  the  richer  mixes  and  drier  concretes. 

11.  The  effect  of  commercial  calcium  chloride  on  the  strength  of 
concrete  cured  under  different  moisture  conditions  at  normal  tempera- 
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tures  was  slightly  greater  in  concrete  cured  in  the  air  of  the  laboratory 
than  in  concrete  cured  in  water  or  in  the  moist  room. 

12.  For  concrete  cured  outdoors  at  temperatures  near  freezing, 
the  use  of  3  per  cent  of  calcium  chloride  produced  about  the  same 
strength  increase  as  for  other  curing  conditions.  This  strength 
increase  appears  as  a  much  higher  percentage  gain  when  compared 
to  the  low  strengths  attained  for  outdoor  curing.  Too  much  depend¬ 
ence  should  not  be  placed  on  the  use  of  calcium  chloride  for  pre¬ 
venting  freezing  of  concrete  in  cold  weather;  common  salt  should 
not  be  used  for  this  purpose. 

13.  The  cements  used  in  the  tests  were  in  general  similarly 
affected  by  addition  of  calcium  chloride. 

14.  The  effect  of  calcium  chloride  in  mortar  was  essentially  the 
same  as  in  concrete. 

15.  The  time  of  setting  of  the  cement  used  was  shortened  by  each 
of  the  admixtures.  Flash  set  was  produced  by  most  of  the  admix¬ 
tures  when  used  in  percentages  somewhat  in  excess  of  those  found  to 
give  greatest  strength  increases  in  concrete. 

16.  The  important  conclusion  from  these  tests  may  be  summar¬ 
ized  as  follows: 

In  the  use  of  calcium  chloride  no  advantage  was  gained  for  per¬ 
centages  of  the  commercial  product  greater  than  2  or  3  per  cent  of 
the  weight  of  cement;  (chlorine  content  1  to  1|  per  cent).  This  amount 
when  used  in  mixes  of  about  1 : 5  and  in  consistencies  suitable  for 
building  construction  showed  an  increase  in  compressive  strength  of 
from  100  to  200  lb.  per  sq.  in.  which  increase  was  practically  constant 
at  ages  of  2  days  to  3  years.  For  richer  mixes  and  drier  consistencies 
the  strength  increase  was  greater  and  for  leaner  mixes  and  wetter 
concretes  it  was  less. 


CALCIUM  CHLORIDE  AS  AN  ADMIXTURE  IN  CONCRETE 
By  Duff  A.  Abrams 
Introduction 

The  use  of  chemical  compounds  for  hastening  the  hardening  of 
portland-cement  concrete  has  attracted  considerable  interest  during 
the  past  few  years.  Experience  and  earlier  tests  had  shown  that  cal¬ 
cium  chloride,  or  materials  having  this  compound  as  one  of  their  prin¬ 
cipal  constituents,  was  probably  the  most  promising  for  this  purpose, 
and  consequently  the  investigation  of  the  effect  of  chemical  admix¬ 
tures  on  the  compressive  strength  of  concrete  described  in  this  report 
was  confined  primarily  to  such  materials. 

These  tests  were  begun  in  cooperation  with  Committee  C-9  on 
Concrete  and  Concrete  Aggregates  of  the  American  Society  for  Testing 
Materials.1  Our  investigations  covered  a  much  wider  range  than 
originally  outlined  by  the  committee.  They  included  tests  of  con¬ 
crete  at  different  ages  for  a  wide  range  in  mix,  consistency  and  condi¬ 
tion  of  curing,  using  different  percentages  of  calcium  chloride  and  other 
admixtures  similar  in  type.  A  few  tests  were  made  using  calcium 
chloride  in  concrete  mixed  and  cured  at  low  temperatures.  This  paper 
gives  the  results  of  about  7500  strength  tests  of  concrete  and  mortar. 

These  tests  were  made  as  a  part  of  the  experimental  studies  of 
concrete  and  concrete  materials  being  carried  out  at  the  Structural 
Materials  Research  Laboratory  through  the  cooperation  of  Lewis 
Institute  and  the  Portland  Cement  Association. 

Outline  of  Tests 

Three  separate  investigations  were  carried  out: 

Series  156  comprised  compression  tests  of  about  4000  6  by  12-in. 
concrete  cylinders  and  1250  2  by  4-in.  mortar  cylinders;  specimens 
made  June  to -August,  1921. 

The  following  admixtures  were  used : 

Calcium  chloride  A  j  gamp|es  from  different  manufacturers 

Calcium  chloride  B  J 

“Cal”  furnished  by  Cal  Chemical  Co.,  Hagerstown,  Md. 

“Vitriflux”  furnished  by  The  Granitex  Co.,  New  York  City. 

Magnesium  chloride,  purchased  in  Chicago. 

1  See  Report  of  Cooperative  Series  of  Tests  on  Accelerators,  Proceedings,  Am.  Soc.  Testing  Mats., 
Vol.  23,  Part  I.  p.  223  (1923). 
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Concrete  and  mortar  tests  were  made  at  ages  ranging  from  2 
days  to  3  years.  The  tests  on  calcium  chloride  B  were  extended  to 
include  wide  variations  in  mixtures  and  consistencies  and  four  different 
cements.  Tables  I  to  V,  also  VII,  X,  and  XI,  give  the  principal 
results  of  the  tests  in  this  series. 

Series  158  consisted  of  compression  tests  of  about  1700  6  by  12-in. 
concrete  cylinders.  Tests  were  made  using  0  to  10  per  cent  of  cal¬ 
cium  chloride  B  by  weight  of  cement  for  a  wide  range  of  periods  of 
curing  in  the  moist  room,  followed  by  air  curing.  Tests  were  made  at 
ages  of  7  days  to  2\  years.  In  one  group  five  different  cements  were 
used.  The  specimens  were  made  September  to  December,  1921. 
The  test  results  of  this  series  are  given  in  Tables  VI,  VIII  and  XI. 

Series  188  comprised  630  compression  tests  of  6  by  12-in.  con¬ 
crete  cylinders  made  in  a  study  of  the  early  strength  of  concrete  cured 
at  low  temperatures.  Tests  were  made  at  ages  of  1  day  to  3  months 
for  the  following  conditions: 

(a)  Specimens  made  in  laboratory,  cured  in  moist  room, 

(b)  Specimens  made  in  laboratory,  cured  outdoors, 

(c)  Specimens  made  outdoors,  cured  in  moist  room, 

(d)  Specimens  made  outdoors,  cured  outdoors. 

The  outdoor  temperatures  at  the  time  the  specimens  were  made 
(March  12  to  18,  1924)  and  for  the  following  few  days  ranged  from 
about  24  to  37°  F.  The  indoor  temperatures  were  about  68°  F. 
This  series  of  tests  was  carried  out  for  the  most  part  on  concrete  with¬ 
out  admixtures  but  in  some  of  the  tests  calcium  chloride  A  was  used 
in  the  proportion  of  3  per  cent  by  weight  of  the  cement.  Table  IX 
gives  the  results  of  tests  in  this  series. 

Materials  and  Methods 

Cement.— All  tests  were  made  with  portland  cement  purchased  in 
Chicago.  The  physical  tests  of  the  cements  are  given  in  Table  XIII; 
chemical  analyses  in  Table  XV.  Cement  A  was  used  in  Series  156, 
except  in  the  tests  of  different  cements,  where  brands  B,  C  and  D 
were  also  used.  Most  of  the  specimens  in  Series  158  and  all  of  those 
in  Series  188  were  made  with  “  Laboratory  Cement,”  consisting  of  a 
mixture  of  four  brands  purchased  in  Chicago.  In  a  part  of  Series  158, 
cements  A,  B,  C,  and  D  were  used  separately;  these  were  the  same 
brands  used  in  Series  156  but  from  later  lots. 

Aggregate. — The  aggregate  for  concrete  consisted  of  sand  and  peb¬ 
bles  from  Elgin,  Ill.,  graded  0  to  if  in.  It  was  screened  into  four 
sizes  (0  to  No.  4,  No.  4  to  §  in.,  f  to  f  in.  and  f  to  if  in.)  and  recom¬ 
bined  to  a  predetermined  sieve  analysis  (fineness  modulus  5.68).  Aggre- 
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gates  graded  in  this  way  are  generally  used  in  our  laboratory  to 
reduce  the  variations  in  grading  to  a  minimum.  The  mortar  tests 
in  Series  156  were  made  using  the  same  sand  (graded  0  to  No.  4, 
fineness  modulus  3.04). 

Admixtures— Six  different  admixtures  were  used;  two  lots  of 
commercial  calcium  chloride,  Cal  (standard  and  low  chlorine),  Vitii- 
flux  and  magnesium  chloride. 

Two  brands  of  commercial  calcium  chloride  were  obtained  from 
different  manufacturers  and  are  designated  as  A  and  B.  Brand  B 
was  used  in  most  of  the  tests  of  both  Series  156  and  158,  although  the 
lots  used  in  the  two  series  were  purchased  at  different  times.  The 
commercial  calcium  chlorides  contained  about  75  per  cent  of  CaCl2 
with  small  amounts  of  impurities,  principally  magnesium  and  sodium 
chloride;  the  magnesium  chloride  content  was  less  than  0.5  per  cent. 

Two  lots  of  Cal  were  used,  standard  and  low  chlorine.  The 
material  comes  as  a  white  powder.  The  standard  contained  about 
25  per  cent  of  calcium  chloride,  or  about  16  per  cent  of  chlorine;  the 
low-chlorine  Cal  contained  17  per  cent  of  calcium  chloride,  or  11  per 
cent  of  chlorine.  For  these  tests  the  quantities  are  expressed  as  per¬ 
centages  of  weight  of  cement.  Technologic  Paper  No.  174-,  U.  S. 
Bureau  of  Standards,  1920,  “Effect  of  Cal  as  an  Accelerator  of  the 
Hardening  of  Portland  Cement  Mixtures,”  by  R.  N..  Young,  states 
that  “Cal  is  a  material  obtained  by  pulverizing  the  dried  or  undried 
product  resulting  from  a  mixture  of  either  quicklime,  or  hydrated 
lime,  calcium  chloride,  and  water.” 

Vitriflux  is  a  solution  of  calcium  chloride  in  water  (about  34  per 
cent  of  CaCl2).  The  quantities  of  the  liquid  used  are  reported  in 
the  tables  as  percentages  by  weight  of  cement. 

The  magnesium  chloride  was  of  the  grade  commercially  known 
as  “flake”  and  contained  about  46  per  cent  of  MgCl2. 

Table  XIV  gives  partial  chemical  analyses  of  the  admixtures 
showing  the  amount  of  CaCl2  and  the  combined  chlorine. 

Test  Pieces. — The  concrete  specimens  were  6  by  12-in.  cylinders, 
and  the  mortar  specimens  were  2  by  4-in.  cylinders.  Concrete  speci¬ 
mens  were  made  in  accordance  with  methods  recommended  in  the 
Tentative  Methods  of  Making  Compression  Tests  of  Concrete 
(Serial  Designation:  C  39  -  21  T)  of  the  American  Society  for  Testing 
Materials.  The  methods  used  in  making  the  mortar  specimens  dif¬ 
fered  only  in  minor  details  from  those  outlined  in  the  Tentative 
Specifications  and  Tests  for  Compressive  Strength  of  Portland  Cement 
Mortars  (Serial  Designation:  C  9  -  16  T)  of  the  American  Society 
for  Testing  Materials. 
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The  concrete  cylinder  forms  were  of  cold-drawn  steel  tubing, 
slotted  along  one  element.  In  making  the  specimens,  the  forms  were 
placed  on  machined  cast-iron  plates.  The  concrete  was  placed  in 
3  layers,  each  layer  being  rodded  30  times  with  a  f-in.  bullet-pointed 
steel  rod.  The  specimens  were  capped  3  to  4  hours  after  molding 
with  neat  cement  (which  had  been  allowed  to  stand  3  to  6  hours  after 
mixing)  and  the  caps  brought  to  a  true  plane  by  means  of  machined 
plates  which  were  worked  down  to  the  tops  of  the  forms  and  left  in 
place  until  the  forms  were  removed  after  16  to  20  hours. 

Proportioning  and  Mixing.— In  Series  156  and  158,  each  concrete 
specimen  was  made  from  a  batch  of  about  -5-  cu.  ft.,  proportioned 
separately  and  mixed  with  a  bricklayer’s  trowel  in  a  shallow  metal 
pan.  The  proportions  of  cement  and  aggregate  are  expressed  as  one 
volume  of  cement  to  a  given  number  of  volumes  of  dry,  rodded  aggre¬ 
gate1  mixed  as  used.  The  quantities  of  each  batch  were  determined 
by  weight.  For  example,  a  batch  of  1:5.2  concrete  consisted  of 
3.82  lb.  of  cement,  and  27.0  lb.  of  aggregate;  the  quantity  of  water 
varied  from  2.00  to  2.50  lb.  for  concrete  of  normal  consistency, 
depending  on  the  kind  and  amount  of  admixture  used. 

In  Series  188  the  concrete  was  mixed  with  shovels  on  a  metal 
plate  in  batches  of  sufficient  size  to  make  seven  6  by  12-in.  cylinders. 

The  mortar  specimens  in  Series  156  were  of  1  :  2\  mix  by" volume. 

Consistency.  The  plasticity  of  the  concrete  was  measured  by 
means  of  the  “flow  table ”2  using  fifteen  §-in.  drops  in  10  seconds.  The 
test  consists  of  jigging  a  truncated-cone-shaped  mass  of  concrete  on 
a  special  table,  and  measuring  the  bottom  diameter  after  the  test. 
The  concrete  was  molded  in  a  truncated  cone  having  a  top  diameter  of 
6|  in.,  a  bottom  diameter  of  10  in.,  and  a  height  of  5  in.  The  bottom 
diameter  after  the  test,  expressed  as  a  percentage  of  the  original  diam¬ 
eter,  is  the  “flow.” 

For  relative  consistency  1.00,  sufficient  water  was  used  to  give 
a  flow  of  about  180.  This  represents  a  consistency  such  as  would  be 
used  in  machine-finished  concrete  road  construction  and  corresponds 
to  a  slump  of  about  ^  to  1  in.  For  a  relative  consistency  of  1.10, 

1 If  these  proportions  are  to  be  reduced  to  the  common  terms  of  separated  volumes  of  damp  aggre¬ 
gates  measured  loose,  account  must  be  taken  of  the  differences  in  the  volumes  occupied  by  separated 
fine  and  coarse  aggregate  and  the  same  materials  when  mixed.  Account  must  also  be  taken  of  the 
bulking  of  the  fine  and  coarse  aggregate  due  to  loose  measurement  and  the  presence  of  moisture.  For 
example,  a  1:5.2  mix  based  on  dry  and  rodded  mixed  materials  is  approximately  equivalent  to  a 
1:2:4  mix  of  dry  and  rodded  separated  aggregates,  which  in  turn  is  nearly  the  same  as  a  1:  2$:  4$ 
mixture  in  terms  of  the  damp  and  loose  materials  commonly  encountered  in  the  field. 

*  For  a  description  of  the  flow  table  see,  “Time  of  Set  of  Concrete,”  by  Watson  Davis,  Proceedings 
Am.  Soc.  Testing  Mats.,  Vol.  21,  p.  995  (1921). 
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10  per  cent  more  water  was  used  than  for  relative  consistency  1.00; 
similarly  for  other  consistencies. 

Curing  and  Testing.— In  general,  the  specimens  for  Series  156 
were  cured  in  a  room  in  which  the  air  was  saturated  with  moisture 
and  in  which  a  uniform  temperature  of  about  70°  F.  was  maintained. 
For  Series  158  and  188,  specimens  were  cured  in  a  moist  room  and  in 
air  as  indicated  in  the  tables. 

Compression  tests  of  concrete  were  made  in  a  200,000-lb.  universal 
testing  machine;  mortar  tests  were  made  in  a  40,000-lb.  testing 
machine.  The  load  was  applied  through  a  spherical  bearing  block 
placed  on  top  of  the  specimen.  The  specimens  having  been  carefully 
capped  as  previously  described,  no  additional  bedding  was  required. 

Data  and  Discussion 

Outline  of  Results—  This  report  covers  primarily  an  investiga¬ 
tion  of  the  effect  of  admixtures  of  commercial  calcium  chloride  and  of 
similar  materials  on  the  compressive  strength  of  concrete  made  and 
cured  under  normal  temperature  conditions .  In  addition  a  few  pre¬ 
liminary  tests  were  made  at  temperatures  near  freezing.  In  view  of 
the  limited  number  of  tests  at  low  temperatures,  the  results  cannot.be 
considered  as  a  comprehensive  study  of  the  value  of  calcium  chloride 
for  use  in  concrete  work  carried  out  in  cold  weather. 

Some  of  the  tests  were  made  with  proprietary  compounds  con¬ 
sisting  essentially  of  a  calcium  chloride  base.  In  one  series,  parallel 
tests  were  made  with  magnesium  chloride. 

This  investigation  does  not  cover  the  curing  of  concrete  by 
spreading  calcium  chloride  over  the  surface;1  nor  were  any  tests 
made  to  determine  the  merits  of  so-called  “floor  hardeners.” 

The  effect  of  the  various  admixtures  on  the  strength  of  concrete 
is  discussed  in  relation  to  the  usual  considerations  which  arise  in 
practice,  such  as  differences  in  mix,  consistency,  curing,  etc. 

The  following  outline  will  facilitate  the  study  of  the  test  data; 
reference  is  made  to  the  tables  and  diagrams  which  give  the  related 
data  from  the  tests: 

Type  of  Admixture: 

Five  different  admixtures  in  varying  amounts  are  compared  using  the 
same  cement,  mix,  consistency  and  curing  condition.  Tests  of  con¬ 
crete  and  mortar  were  made  at  ages  of  2,  7  and  28  days,  3  months, 
1  and  3  years;  concrete  cured  in  moist  room  and  mortar  in  water, 
until  tested.  Tables  I  and  II  and  Figs.  1  and  2  give  the  test  results. 

i  For  a  discussion  of  this  subject  see,  “An  Investigation  in  the  Use  of  Calcium  Chloride  as  a  Curing 
Agent  and  Accelerator  of  Concrete,”  by  H.  F.  Clemmer  and  Fred  Burggraf,  Proceedings.  Am.  Soc. 
Testing  Mats.,  Vol.  23,  Part  II,  p.  296  (1923).  Further  field  and  laboratory  tests  of  this  kind  are 
now  under  way  by  the  Structural  Materials  Research  Laboratory. 
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Quantity  of  Cement  (Mix): 

Five  different  mixes  (1:7,  1:5.2,  1:4,  1:3  and  1:2)  were  used  with  the 
following  percentages  of  calcium  chloride  B:  0,  1,  2,  4,  7  and  10. 
All  specimens  were  mixed  to  a  relative  consistency  of  1.00  and  cured  in 
the  moist  room  until  tested  at  ages  of  2,  7,  and  28  days,  3  months,  1  and 
3  years.  Table  III  and  Figs.  3,  4,  6,  12  and  14  give  the  test  results. 

Quantity  of  Mixing  Water  ( Consistency ): 

Five  different  consistencies  (0.90,  1.00.  1.10,  1.25,  and  1.50)  were  used 
with  the  following  percentages  of  calcium  chloride  B:  0, 1,  2, 4,  7  and  10. 
Mix  1:5.2.  All  specimens  were  cured  in  the  moist  room  until  tested 
at  ages  of  2,  7,  and  28  days,  3  months,  1  and  3  years.  Table  IV  and 
Figs.  5,  6,  13  and  14  give  the  test  results. 

W ater-Ratio-Strength  Relation: 

The  different  mixes  and  different  consistencies  indicated  above  provided 
concrete  of  a  wide  range  in  water-cement  ratio.  Data  are  given  in 
Tables  III  and  IV  and  in  Fig.  6. 

Curing  Condition: 

Specimens  cured  in  moist  room,  water,  and  in  air  were  compared  in 
Series  156;  Series  158  included  specimens  cured  in  moist  room  for  a 
part  of  the  curing  period,  remainder  in  air.  Calcium  chloride  B  was 
used  in  the  following  percentages:  0,  1,  2,  4,  7  and  10.  In  Series  156 
all  specimens  were  of  1:5.2  mix,  relative  consistency  1.00  and  tested 
at  28  days,  3  months,  1  and  3  years.  In  Series  158  specimens  were 
tested  at  7  and  28  days,  3  and  6  months,  1  and  2\  years.  Table  V 
and  Figs.  7  and  8  give  results  from  Series  156.  Table  VI  and  Figs.  9 
and  10  give  results  from  Series  158. 

Brand  of  Cement: 

Tests  of  different  cements  were  made  in  Series  156  using  calcium  chloride 
B  in  both  concrete  and  mortar,  and  in  Series  158  in  concrete  only. 
The  same  four  brands  of  cement  were  used  in  both  series  but  from  dif¬ 
ferent  lots,  flable  VII  and  Fig.  11  give  the  results  from  Series  156 
for  1:5.2  concrete  and  1:  2.5  mortar  of  relative  consistency  1.00,  tested 
at  2,  /  and  28  days,  3  months,  1  and  3  years  with  0  and  4  per  cent 
of  calcium  chloride.  Table  VIII  gives  the  results  from  Series  158  for 
1:5.2  concrete,  relative  consistency  1.00,  tested  at  28  days,  3  and  6 
months,  1  and  2\  years,  for  percentages  of  calcium  chloride  of  0,  1,  2, 
4,  7  and  10. 

A  ge  at  Test: 

In  all  of  the  studies  of  the  effect  of  calcium  chloride  on  the  strength  of 
concrete,  the  age  at  test  is  involved.  The  test  data  are  considered  with 
respect  to  the  influence  of  the  age  at  test  on  the  action  of  the  admix¬ 
tures.  Figs.  12,  13  and  14  show  the  results  for  tests  of  different  mixes 
and  consistencies.  Fig.  15  shows  the  results  for  different  admixtures. 

M iscellaneo  us  T ests : 

These  tests  give  data  on  the  influence  of  calcium  chloride  on  the  time  of 
setting  of  cement  (Table  XIV)  on  the  “flow”  (Table  XII)  and  some 
data  from  tests  of  concrete  made  at  low  temperatures  (Table  IX  and 
Fig.  16). 

Summary  Tables: 

Tables  X  and  XI  summarize  the  results  from  Series  156  and  158. 
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Strength-Ratio. — In  studying  the  effect  of  the  various  admixtures 
under  the  different  conditions  of  test  it  is  convenient  to  compare  the 
strengths  obtained  with  the  strength  of  the  corresponding  concrete 
without  admixture  (here  referred  to  as  plain  concrete).  Thus,  for 
each  value  of  strength  given  in  the  tables  there  is  a  corresponding 
“  strength-ratio/’  which  expresses  the  strength  as  a  percentage  of  the 
strength  of  the  plain  concrete,  identical  as  to  age,  mix,  consistency, 
brand  of  cement,  and  curing  conditions.  Obviously  the  strength- 
ratio  for  the  plain  concrete  is  100  per  cent. 

The  “maximum  strength-ratios’’  given  in  Tables  X  and  XI  are 
the  highest  values  shown  by  the  curves  representing  the  variation  in 
strength  due  to  the  amount  of  admixture  for  the  given  set  of  con¬ 
ditions.  In  these  two  tables  the  per  cent  of  admixture  for  which  the 
highest  values  were  found  is  also  given. 

Strength  of  Concrete  Without  Admixture. — The  values  for  concrete 
strength  are  in  general  the  average  of  8  to  10  tests.  In  order  to  secure 
more  reliable  values  for  a  basis  of  comparison  the  tests  of  plain  con¬ 
crete  were  duplicated  at  different  points  in  Series  156;  in  some  in¬ 
stances  as  many  as  25  tests  were  averaged. 

The  average  compressive  strengths  of  1:5.2  concrete  of  relative 
consistency  1.00  without  admixtures  were: 


Series 

Specimens  Made 

Compressive  Strength,  lb.  per  sq.  in. 

2  days 

7  days 

28  days 

3  months 

6  months 

1  year 

3  years 

156 

158 

950 

1940 

1310 

3310 

2640 

4170 

3380 

4110 

4320 

4790 

5020 

September- December,  1921. 

Tables  III,  IV,  VII  and  VIII  show  the  strengths  for  other  mixes, 
consistencies,  cements,  etc. 

Effect  of  Type  of  Admixture  on  the  Strength  of  Concrete. — Figs.  1 
and  2  show  the  effect  of  the  different  admixtures  on  the  strength  of 
concrete  compared  on  the  basis  of  the  percentage  of  admixture  and 
chlorine  content.  Fig.  1  shows  that  with  the  exception  of  magnesium 
chloride  the  different  admixtures  behave  similarly,  showing  increases 
in  strength  up  to  a  certain  percentage  of  admixture  beyond  which  the 
strength  gradually  decreased.  The  “optimum”  percentages  were 
not  the  same  for  the  different  admixtures.  However,  when  compari¬ 
sons  are  made  on  the  basis  of  chlorine  content  as  in  Fig.  2,  the  high 
points  of  the  curves  fall  approximately  over  each  other,  within  the 
range  of  from  1  to  2  per  cent  of  chlorine  by  weight  of  cement. 

The  increase  in  strength  due  to  the  different  admixtures  was 
not  the  same  for  the  same  percentages  of  chlorine,  although  for  the 
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commercial  brands  of  calcium  chloride  and  standard  Cal  the  results 
did  not  differ  greatly. 

The  commercial  samples  of  calcium  chloride  gave  approximately 
the  same  results  except  for  the  2-day  tests,  in  which  brand  A  gave 
somewhat  higher  strengths.  The  maximum  strength-ratios  were 
obtained  with  from  2  to  4  per  cent  of  calcium  chloride  by  weight  of 
the  cement.  For  quantities  greater  than  about  4  per  cent  the  strength 
gradually  declined  and  fell  below  “par”  at  about  6  to  8  per  cent  by 
weight  of  cement;  with  10  per  cent  of  calcium  chloride  the  strength- 
ratios  ranged  between  70  and  90  per  cent. 

The  following  maximum  strength-ratios  for  calcium  chlorides  A 
and  B  in  Series  156  and  for  B  in  Series  158,  show  the  close  agreement 
between  the  two  brands  and  the  separate  lots  of  brand  B  tested  at 
different  times  with  different  concrete  materials. 


Maximum  Strength-Ratio,  per  cent 


Age  at  Test 

Series  156 

Series  158 

Average 

Calcium 
Chloride  A 

Calcium 
Chloride  B 

Calcium 
Chloride  B 

2  days . 

170 

147 

158 

7  days . 

125 

124 

123 

124 

28  days . 

110 

109 

106 

108 

3  months . 

112 

109 

108 

110 

1  year . 

117 

119 

96 

111 

3  years . 

118 

116 

117 

More  detailed  discussions  of  the  effect  of  calcium  chloride  are 
given  below. 

The  effect  of  Cal  on  the  strength  of  concrete  was  similar  to  that 
of  commercial  calcium  chloride.  The  maximum  acceleration  in 
strength  due  to  Cal  was  generally  found  at  7  and  10  per  cent  as  com¬ 
pared  with  2  to  4  per  cent  for  commercial  calcium  chloride.  The 
chlorine  content  of  the  optimum  percentages  of  Cal  and  calcium  chlo¬ 
ride  was  about  the  same  (l  to  2  per  cent).  See  Tables  I,  II  and  X 
and  Figs.  1  and  2.  The  maximum  strength-ratios  for  standard  Cal 
at  different  ages  (Table  X)  were:  2  days,  151  per  cent;  7  days,  123 
per  cent;  28  days,  107  per  cent;  3  months,  107  per  cent;  1  year,  121 
per  cent;  3  years,  119  per  cent. 

Vitrifhix  consisted  of  a  34  per  cent  solution  of  calcium  chloride 
in  liquid  form  which  was  placed  in  the  mixing  water  in  amounts  cor¬ 
responding  to  1,  2,  4,  7,  10  and  15  per  cent  by  weight  of  cement. 
The  effectiveness  of  this  material  was  approximately  proportional  to 
the  amount  added,  up  to  about  7  per  cent  by  weight  of  the  cement, 
where  the  maximum  strength  was  obtained.  The  following  maximum 
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strength-ratios  were  found  for  about  7  per  cent:  2  days,  138  per  cent; 

7  days,  115  per  cent;  28  days,  106  per  cent;  3  months  108  per  cent; 

1  year,  109  per  cent;  3  years,  114  per  cent.  The  chlorine  content 
for  7  per  cent  of  Vitriflux  was  approximately  the  same  as  for  2  to  4 
per  cent  of  commercial  calcium  chloride.  At  ages  earlier  than  28 
days,  the  maximum  effect  of  Vitriflux  was  considerably  less  than  that 
shown  by  the  average  for  calcium  chloride.  The  strength-ratios  for 
Vitriflux  (7  per  cent)  were  138  per  cent  for  2  days  and  115  per  cent 
for  7  days  as  compared  with  158  per  cent  and  124  per  cent  for  the 
average  of  calcium  chloride. 

The  magnesium  chloride  was  received  in  flake  form  and  was  com¬ 
posed  of  about  46  per  cent  magnesium  chloride  and  54  per  cent  water. 
It  was  put  into  solution  in  the  mixing  water  in  amounts  correspond¬ 
ing  to  1,  2,  4,  7  and  10  per  cent  by  weight  of  cement.  In  1  :  5.2  con¬ 
crete,  magnesium  chloride  gave  a  slight  increase  in  strength  for  the 

1  and  2-per-cent  admixture  at  2  days  and  normal  strength  at  7  days 
but  reduced  the  strength  of  concrete  for  all  other  conditions.  At  28 
days  the  strength-ratios  were:  1  per  cent  magnesium  chloride,  94 
per  cent;  2  per  cent,  88  per  cent;  4  per  cent,  84  per  cent;  7  per  cent, 
74  per  cent;  10  per  cent,  64  per  cent.  It  will  be  seen  by  reference 
to  Fig.  1  that  the  reduction  in  strength  was  approximately  pro¬ 
portional  to  the  quantity  of  magnesium  chloride  present. 

Effect  of  Calcium  Chloride  as  Influenced  by  the  Quantity  oj 
Cement— Table  III  and  Figs.  3  and  12  give  the  results  of  compression 
tests  of  5  different  concrete  mixtures  using  calcium  chloride  up  to  10 
per  cent  by  weight  of  the  cement.  Fig.  3  shows  that  the  strength  of  the 
concrete  was  increased  at  all  ages  by  the  addition  of  calcium  chloride, 
except  for  the  1:7  mix  at  ages  greater  than  7  days.  The  maximum 
strength-ratios  occurred  at  from  2  to  4  per  cent  for  all  mixes.  For 
the  2-day  tests,  they  were:  1:7  mix,  120  per  cent;  1:5.2,  147  per 
cent;  1:4,  149  per  cent;  1:3,  159  per  cent;  1:2,  149  per  cent. 

Percentages  of  calcium  chloride  greater  than  6  to  8  per  cent 
reduced  the  strength  at  all  ages. 

Fig.  4  shows  the  relation  of  strength-ratio  to  cement  content  for 

2  per  cent  of  calcium  chloride,  the  percentage  for  which  the  maximum 
values  were  generally  obtained.  With  increase  in  the  amount  of 
cement  up  to  23.7  per  cent  of  the  volume  of  the  concrete  (1:4  mix) 
the  strength-ratios  increased  at  all  ages;  for  the  richer  mixes  the 
strength-ratios  were  practically  constant  for  a  given  age. 

In  studying  the  effect  of  calcium  chloride  the  gain  in  strength" in 
pounds  per  square  inch ,  as  well  as  the  percentage  gain  as  measured  by 
strength-ratio  must  be  kept  in  mind.  Reference  to  Table  III  and 
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Fig.  14  shows  that  the  increases  in  strength  in  pounds  per  square  inch 
at  all  ages  for  2  per  cent  of  calcium  chloride  were  about  as  follows: 


Mix 

Relative 

Consistency 

Increase  in  Strength, 
lb.  per  sq.  in. 

1:7 . 

LOO 

Shows  a  loss  after  7  days 
400 

1*5  2 

1-4 . 

•• 

700 

1:3 . 

•• 

1200 

1:2 . 

1300 

It  is  important  to  note  that  the  increases  in  strength  in  pounds 
per  square  inch  for  a  given  mix  are  approximately  constant  for  all  ages. 

Effect  of  Calcium  Chloride  as  Influenced  by  Quantity  of  Mixing 
Water. — Table  IV  and  Figs.  5  and  13  give  the  results  of  tests  on  con¬ 
crete  of  1:5.2  mix  at  ages  of  2  days  to  3  years  for  relative  consist¬ 
encies  0.90,  1.00,  1.10,  1.25,  and  1.50.  The  “flows”  for  the  first  three 
consistencies  were  about  155,  170,  and  205;  the  flow  table  was  not 
large  enough  to  permit  of  the  determination  of  the  flow  for  relative 
consistencies  1.25  and  1.50.  The  results  of  flow  tests  are  given  in 
Table  XII. 

For  the  2  and  7-day  tests  the  effect  of  calcium  chloride  as  meas¬ 
ured  by  the  maximum  strength-ratios,  which  in  nearly  every  case 
corresponded  to  2  per  cent  of  admixture,  was  practically  independent 
of  the  consistency  of  the  concrete.  At  later  ages  the  behavior  was 
somewhat  erratic  and  in  general  strength-ratios  below  100  per  cent 
were  obtained  with  the  wetter  concretes  for  all  percentages  of  cal¬ 
cium  chloride.  At  2  days  the  maximum  strength-ratios  were:  rela¬ 
tive  consistency  0.90,  153  per  cent;  1.00,  147  per  cent;  1.10,  144  per 
cent;  1.25,  159  per  cent;  1.50,  146  per  cent  (See  Table  XI).  At  7 
days  the  average  of  the  maximum  strength-ratios  for  all  consistencies 
was  about  120  per  cent. 

Water-Ratio-Strength  Relation  for  Concrete. — The  data  obtained 
from  the  tests  made  on  the  concrete  of  different  mixes  and  consisten¬ 
cies  permits  a  study  to  be  made  of  the  general  effect  of  quantity  of 
mixing  water  on  strength. 

The  results  of  tests  on  plain  concrete  and  on  concrete  with  2  per 
cent  of  calcium  chloride  are  plotted  in  Fig.  6  for  ages  of  2,  7  and  28 
days,  and  3  years.  The  curves  for  3  months  and  1  year  were  of 
similar  form,  but  were  omitted  in  order  to  avoid  confusion.  Similar 
curves  may  be  drawn  for  other  percentages  of  calcium  chloride.  In 
these  tests  the  quantity  of  mixing  water  was  varied  by: 

(a)  Change  in  mix  (relative  consistency  1.00;  Table  III). 

(b)  Change  in  consistency  (1:5.2  mix;  Table  IV). 
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The  results  of  the  tests  are  consistent  and  show  the  importance 
of  the  water-ratio-strength  relation  which  has  been  pointed  out  in 
other  publications  of  this  laboratory.  Increasing  the  quantity  of 
mixing  water  produced  exactly  the  same  effect  as  reducing  the  quan¬ 
tity  of  cement  in  the  batch.  A  1:5.2  mix  of  relative  consistency 
1.25  (25  per  cent  more  water  than  required  for  “normal”  consistency) 
gave  a  strength  at  28  days  of  2100  lb.  per  sq.  in.  (See  Fig.  6).  This 
strength  is  about  the  same  as  that  of  a  1:6^  mix  of  relative  consist¬ 
ency  1.00.  A  1:5.2  mix  of  relative  consistency  1.50,  which  is  not 
as  wet  as  concrete ‘frequently  used,  gave  a  much  lower  strength  than 
a  1:7  mix  of  relative  consistency  1.00  (“normal”  consistency). 

The  water-ratio-strength  curves  in  Fig.  6  for  concrete  with  2  per 
cent  of  calcium  chloride  are  similar  in  form  to  those  for  plain  con¬ 
crete.  For  the  lower  water-ratios  (richer  mixes  and  drier  consisten¬ 
cies)  the  curves  for  2  per  cent  calcium  chloride  show  considerably 
higher  strengths  than  the  curves  for  plain  concrete  at  all  ages.  How¬ 
ever,  the  difference  in  strength  becomes  smaller  as  the  water-ratio 
increases  and  at  the  later  ages  the  strength  for  2  per  cent  of  calcium 
chloride  is  lower  than  that  of  the  plain  concrete. 

Effect  of  Calcium  Chloride  as  Influenced  by  Curing  Condition  — 
Tests  were  carried  out  on  concrete  cured  under  different  conditions. 
In  Series  156  the  following  curing  conditions  were  used  for  1:5.2 
concrete  containing  calcium  chloride  in  amounts  of  from  1  to  10  per 
cent  and  tested  at  ages  of  28  days  to  3  years: 

(a)  Moist  room, 

(b)  Water, 

(c)  Air  of  laboratory. 

The  results  of  these  tests  are  given  in  Figs.  7  and  8.  Fig.  7  shows 
that  in  general  concrete  cured  in  the  moist  room  and  in  water  had 
essentially  the  same  strength  at  each  age.  In  general  the  air-cured 
specimens  gave  considerably  lower  strengths  than  those  cured  in  the 
moist  room.  At  28  days  and  3  months,  the  differences  in  strength 
between  the  air-cured  and  moist-room-cured  specimens  decreased  as 
calcium  chloride  was  added.  At  28  days,  the  air-cured  specimens 
with  10  per  cent  calcium  chloride  were  somewhat  stronger  than  the 
specimens  cured  in  water  or  moist  room. 

Fig.  8  shows  that  the  strength-ratios  for  air-cured  concrete  con¬ 
taining  2  per  cent  of  calcium  chloride  were  about  125  per  cent  for  all 
ages.  The  strength-ratios  for  moist-air  and  water  curing  were  essen¬ 
tially  the  same  at  all  ages  and  averaged  about  108  per  cent. 

Fig.  9  gives  the  results  from  Series  158  for  1:5.2  concrete  tested 
at  ages  ranging  from  7  days  to  2|  years.  Calcium  Chloride  in  per- 
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centages  of  from  0  to  10  per  cent  was  used.  These  specimens  were 
cured  for  periods  in  the  moist  room  ranging  from  0  days  to  3  months 
followed  by  curing  in  the  dry  air  of  the  laboratory.  Curves  for  plain 
concrete  and  for  concrete  with  2  and  10  per  cent  of  calcium  chloride 
are  shown.  A  striking  parallelism  between  the  curves  for  the  plain 
concrete  and  those  for  concrete  containing  calcium  chloride  is  evident 
for  the  different  conditions  of  curing.  It  can  also  be  shown  by  these 
curves  that  for  certain  combinations  of  moist-air  curing  followed  by 
dry-air  curing  the  strength  is  greater  than  when  cured  the  entire 
period  in  moist  air.  This  is  in  accordance  with  the  results  of  other 
investigations  which  show  that  when  the  specimens  are  allowed  to  dry 
out  before  testing  greater  strengths  are  obtained.  When  the  curing 
period  in  the  moist  room  was  relatively  short  compared  to  the  age  at 
test  the  curves  show  that  moist-room  curing  gave  the  higher  strengths. 

The  comparison  between  the  relative  effect  of  moist  and  dry 
curing  on  the  action  of  calcium  chloride  can  best  be  seen  from  Fig.  10, 
where  it  will  be  observed  that  at  the  later  ages  the  effect  of  calcium 
chloride  is  somewhat  more  pronounced  for  air  curing  than  for  moist 
curing;  at  the  early  ages  the  effect  of  calcium  chloride  is  about  the 
same  for  both  curing  conditions. 

lests  were  made  in  Series  188  on  the  early  strength  of  con¬ 
crete  made  at  low  temperatures.  Four  separate  conditions  were  used 
as  follows: 

Specimens  made  in  the  laboratory,  cured  in  the  moist  room; 

Specimens  made  in  the  laboratory,  cured  outdoors; 

Specimens  made  outdoors,  cured  in  the  moist  room; 

Specimens  made  outdoors,  cured  outdoors. 

A  1:5  concrete  of  relative  consistency  1.25  (slump  8  in.)  was  used. 
The  concrete  was  mixed  in  batches  sufficient  to  make  seven  6  by  12-in. 
concrete  cylinders  for  test  at  ages  of  1  day  to  3  months.  The  out¬ 
door  temperatures  during  the  time  the  specimens  were  made  and  for 
a  few  days  following  ranged  from  24  to  37°  F. ;  the  indoor  tempera¬ 
ture  was  about  68°  F.  Parallel  tests  were  made  for  plain  concrete 
and  for  3  per  cent  calcium  chloride.  Tests  on  effect  of  temperature 
of  mixing  water  for  concrete  made  outdoors  and  cured  outdoors  at 
low  temperatures  were  also  carried  out.  The  results  of  these  tests 
are  given  in  lable  IX;  the  results  of  the  parallel  tests  using  0  and 
3  per  cent  calcium  chloride  are  shown  in  Fig.  16. 

In  Fig.  16,  the  Curve  S  for  strength  of  concrete  made  in  the 
laboratory  and  cured  in  the  moist  room  at  normal  temperatures  is 
taken  as  a  standard  for  comparison,  and  to  facilitate  the  study  of  the 
data  is  repeated  in  each  of  the  small  diagrams. 


Calcium  Chloride  in  Concrete 


17 


In  general  the  calcium  chloride  specimens  in  this  Series  gave 
effects  similar  to  those  mentioned  above.  For  the  specimens  made 
and  cured  outdoors  at  low  temperatures,  the  calcium  chloride  seemed 
to  be  somewhat  more  effective  although  for  this  condition  of  test 
all  of  the  strengths  were  low,  as  will  be  seen  from  the  values  in  the 
following  table: 


Conditions  of  Test 

Compressive  Strength,  lb.  per  sq.  in. 

2  days 

7  days 

28  days 

3  months 

Specimens  made  in  laboratory,  cured  in  moist  room: 

410 

1230 

2640 

4620 

3 r  44  “  44  . 

600 

1260 

2320 

3670 

Specimens  made  in  laboratory,  cured  outdoors: 

100 

430 

1670 

2930 

3  “  44  44  . 

200 

750 

1820 

2670 

Specimens  made  outdoors,  cured  in  moist  room: 

180 

960 

2680 

4410 

3  44  44  44  . 

380 

1010 

2160 

3440 

Specimens  made  outdoors,  cured  outdoors: 

45 

300 

1660 

2820 

3  44  44  44  . 

185 

710 

1980 

2900 

Table  IX  shows  that  the  temperature  of  the  concrete  made  and 
cured  outdoors  was  not  appreciably  affected  by  the  addition  of  cal¬ 
cium  chloride. 

Salts  added  to  mixing  water  in  freezing  weather  have  two  very 
different  functions : 

1.  To  depress  the  freezing  point  of  the  water  slightly; 

2.  To  accelerate  the  early  hardening  of  the  concrete  with 
accompanying  rise  in  temperature  due  to  chemical  reaction. 

The  following  table  shows  the  effect  of  certain  percentages  of 
common  salt  and  calcium  chloride  on  the  freezing  point  of  water: 


Solution,  _ 
per  cent  by  weight 

Freezing  Point,  deg.  Fahr. 

Common 

Salt 

Calcium 

Chloride 

0  . 

32.0 

32.0 

1 . 

30.5 

31.1 

2  . 

29.3 

30.4 

5 . 

25.2 

27.7 

10  . 

18.7 

21.4 

15  . 

6.1 

-1.5 

Five  per  cent  of  common  salt  lowers  the  freezing  point  about 
6°  F.  However,  tests  made  in  this  laboratory,  reported  elsewhere,’ 
have  shown  that  5  per  cent  of  common  salt  reduces  the  compressive 
strength  of  the  concrete  at  28  days  about  30  per  cent,  and  in  the  pre- 

1  Duff  A.  Abrams,  “Tests  of  Impure  Waters  for  Mixing  Concrete.”  Proceedings,  Am.  Concrete 
Inst.  (1924). 
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ceding  discussion  it  has  been  shown  that  more  than  about  6  per  cent 
of  calcium  chloride  gives  strengths  below  normal.  It  is  evident, 
therefore,  that  dependence  should  not  be  placed  on  the  lowered  freez¬ 
ing  point  of  the  mixing  water.  In  cold-weather  work  it  is  much 
more  desirable  to  heat  the  materials  and  furnish  proper  protection 
and  artificial  heat  to  the  structure,  than  to  depend  on  chemical  admix¬ 
tures  in  the  concrete. 

Effect  of  Calcium  Chloride  as  Influenced  by  Brand  of  Cement  — 
Calcium  chloride  B  was  used  in  parallel  tests  of  concrete  made  from 
different  brands  of  portland  cement  (A,  B,  C,  D)  in  both  Series  156 
and  158;  m  Series  158  “Laboratory”  cement  made  up  of  a  mixture 
of  equal  parts  of  the  same  brands  was  also  used.  The  two  series  of 
tests  were  made  from  different  lots  of  cements.  In  general  tests  were 
made  at  ages  of  2  days  to  3  years.  In  Series  156  tests  were  made  for  0 
and  4  per  cent  of  calcium  chloride  for  moist-room  curing  (See  Tables 
VII  and  XI  and  Fig.  1 1).  In  Series  158,  calcium  chloride  was  used  in 
quantities  ranging  from  0  to  10  per  cent  by  weight  of  cement  for  con¬ 
crete  cured  14  days  in  moist  room,  remainder  in  air  of  laboratorv 
(See  Tables  VIII  and  XI). 

The  miscellaneous  tests  and  chemical  analyses  of  the  cements 
are  given  in  Tables  XIII  and  XV. 

Cements  A,  C  and  D  and  laboratory  cement  were  affected  simi¬ 
larly  by  calcium  chloride.  The  behavior  of  cement  B  was  somewhat 
erratic,  in  Series  156  this  cement  showed  a  slight  increase  in  strength 
at  2  days,  1  and  3  years  due  to  the  addition  of  4  per  cent  of  calcium 
chloride  and  approximately  normal  strength  at  all  other  ages  (See 
Fig.  11).  This  cement  gave  average  concrete  strengths  at  early  ages 
but  abnormally  high  strengths  at  ages  of  3  months  to  3  years.  In 
Series  158,  cement  B  gave  strength-ratios  approximately  the  same  as 
the  other  brands. 

Effect  of  Calcium  Chloride  as  Influenced  by  Age  at  Test— In  all  of 
the  tests  the  relation  of  age  to  strength  is  shown.  It  is  of  interest 
here  to  consider  the  influence  of  the  age  at  test  on  the  action  of  cal¬ 
cium  chloride  in  concrete. 

Fig.  12  gives  data  showing  the  relation  of  strength  to  age.  Sepa¬ 
rate  curves  are  plotted  for  each  mix  and  amount  of  admixture  (calcium 
chloride  B).  Similarly,  Fig.  13  shows  the  data  from  the  tests  with 
varying  quantity  of  mixing  water.  These  curves  are  typical  of  all 
the  data  from  these  tests  when  plotted  in  the  same  manner  and  show 
that  the  strength  of  concrete  is  approximately  proportional  to  the 
logarithm  of  the  age  at  test. 

Fig.  14  has  been  derived  from  the  data  of  Figs.  12  and  13.  It 
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shows  a  comparison  of  the  age-strength  relation  of  the  plain  concrete 
with  concrete  containing  2  per  cent  of  calcium  chloride  for  three  dif¬ 
ferent  mixes  of  normal  consistency  and  for  four  different  consistencies 
of  1:5.2  mix.  The  diagrams  show  clearly  the  important  fact  that 
tor  all  but  the  lean  and  wetter  mixes  the  increase  in  strength  produced 
by  the  addition  of  2  per  cent  of  calcium  chloride  when  expressed  in 
pounds  per  square  inch  was  approximately  constant  for  all  ages  of 
test.  It  is  evident  that  the  effect  of  calcium  chloride  is  to  produce  an 
increase  in  strength  at  the  early  ages  which  is  maintained  throughout 
the  later  periods  of  test. 

The  following  table  gives  the  compressive  strength  of  1:5.2 
concrete  for  relative  consistency  1.00  at  different  ages  (See  Table  I). 
The  difference  between  the  plain  and  treated  concrete  was  approxi¬ 
mately  constant  at  all  ages  and  averaged  400  lb.  per  sq.  in. 


Compressive  Strength  of  Concrete, 
lb.  per  sq.  in. 

Strength-Ratios  in  terms  of 
strength  at  28  days,  per  cent 

Age  at  Test 

Plain 

2  per  cent 
Calcium  Chloride, 
Average  A  and  B 

Difference 

Plain 

2  per  cent 
Calcium  Chloride 

950 

1400 

450 

29 

40 

1940 

2410 

470 

59 

68 

3310 

3530 

220 

100 

100 

4170 

4460 

290 

126 

127 

4320 

4850 

530 

131 

138 

5020 

5470 

450 

152 

155 

if 

< 

It  is  interesting  to  note  that  the  ratios  of  the  strength  at  different 
ages  to  the  28-day  strength  for  both  plain  concrete  and  concrete  with 
2  per  cent  of  calcium  chloride  were  essentially  the  same  at  ages  greater 
than  28  days.  At  ages  of  2  and  7  days,  the  treated  specimens  show  a 
higher  ratio  to  the  28-day  strength  than  the  plain. 

Fig.  15  shows  the  variation  of  strength-ratios  with  age  for  three 
percentages  of  different  types  of  admixtures.  In  general  these  include 
the  optimum  percentage,  an  intermediate  percentage  and  the  maximum 
percentage  used.  The  strength-ratio  was  a  maximum  at  the  2-day 
period  in  all  cases,  and  decreased  with  age.  The  strength-ratios  for 
the  optimum  percentage  decreased  more  rapidly  than  for  the  less 
effective  percentages.  This  decrease  in  strength-ratios  is  explained 
by  the  fact  that  the  additional  strength  in  pounds  per  square  inch 
due  to  admixtures  is  approximately  constant  at  all  ages,  so  that  when 
compared  to  the  strength  of  the  plain  concrete  which  is  increasing 
with  age,  the  resulting  strength-ratios  become  smaller. 
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Mortar  Tests—  Tests  of  a  1 :  2\  mix  by  volume  using  sand  graded 
up  to  the  No.  4  sieve  were  made  at  ages  of  2  days  to  3  years  (See 
Tables  II,  VII  and  X).  At  ages  of  2  and  7  days  the  mortar  tests  gave 
essentially  the  same  results  as  the  concrete  when  admixtures  of  cal¬ 
cium  chloride  type  were  used.  However,  at  the  later  ages  the  results 
were  somewhat  erratic.  For  example,  calcium  chloride  B  showed 
strength-ratios  as  low  as  80  to  90  per  cent.  Specimens  could  not  be 
made  for  calcium  chloride  (either  A  or  B)  for  percentages  of  7  per  cent 
and  higher  due  to  the  quick  stiffening  of  the  mortar. 

Magnesium  chloride  showed  an  increase  in  strength  in  the  mortar 
specimens  at  all  ages  as  contrasted  with  the  decrease  in  the  case  of 
the  concrete  specimens  for  ages  greater  than  7  days. 

Miscellaneous  Tests 

Effect  of  Calcium  Chloride  on  Plasticity  of  Concrete. — The  proper 
quantity  of  mixing  water  or  mixing  solution  was  used  in  each  case  to 
produce  concrete  of  the  same  plasticity  as  measured  by  the  flow  table. 
The  plasticity  of  the  concrete  as  measured  by  the  flow  and  the  cor¬ 
responding  water-ratios,  are  given  in  Table  XII.  The  admixtures 
affected  the  quantity  of  water  required  to  produce  a  constant  flow 
only  in  so  far  as  they  caused  the  concrete  to  stiffen  more  quickly. 
Their  effect,  therefore,  depended  largely  on  the  rapidity  with  which  the 
flow  test  was  carried  out.  In  the  case  of  the  calcium  chloride  solu¬ 
tions  the  same  quantity  of  mixing  water  was  required  to  produce  the 
same  apparent  plasticity  and  the  same  flow  except  in  a  few  instances  for 
the  higher  percentages  where  the  concrete  stiffened  so  rapidly  that  the 
values  of  the  flow  were  erratic.  For  the  magnesium  chloride  and  Cal 
the  quantity  of  mixing  water  required  to  maintain  constant  flow 
increased  with  the  percentage  of  admixture.  In  the  case  of  the  Cal 
this  was  probably  due  to  the  fact  that  it  contained  considerable  fine 
material  (hydrated  lime).  It  is  not  clear  from  the  data  of  the  flow 
tests  or  the  time-of-setting  tests  why  additional  water  was  required 
for  magnesium  chloride  and  not  for  calcium  chloride. 

Normal  Consistency. — The  water  required  to  produce  normal  con¬ 
sistency  was  determined  for  cement  A  in  Series  156  when  mixed  with 
different  percentages  of  admixtures.  Normal  consistency  for  the 
cement  without  admixtures  required  23  per  cent  of  water  (See  Table 
XIV).  For  1  per  cent  of  calcium  chloride,  in  terms  of  the  weight  of  the 
cement,  22  per  cent  of  water  was  required  to  give  normal  consistency; 
with  2  per  cent  of  calcium  chloride  about  the  same  percentage  was 
required  as  for  cement  without  admixtures;  with  4  per  cent  of  calcium 
chloride  25  per  cent  of  water  was  required.  Tests  could  not  be 
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made  for  higher  percentages  on  account  of  flash  set.  .  The  water 
required  for  normal  consistency  increased  with  the  addition  of  Cal 
for  all  percentages  used  in  these  tests.  The  behavior  of  low-chlorine 
and  standard  Cal  was  essentially  the  same. 

Vitriflux  gave  about  the  same  results  as  calcium  chloride  in  pro¬ 
portion  to  the  amount  of  chlorine  present. 

Magnesium  chloride  also  gave  values  approximately  the  same 
as  calcium  chloride  except  that  higher  percentages  could  be  used  with¬ 
out  producing  flash  set. 

Time  of  Setting. — Data  on  the  time  of  setting  of  cement  A  using 
the  different  admixtures  are  shown  in  Table  XIV.  In  general  the 
time  of  setting  was  shortened  by  all  of  the  admixtures.  Calcium 
chloride  A  and  B  gave  about  the  same  results.  For  the  percentage 
found  to  give  best  results  in  concrete  (2  per  cent)  the  time  of  final,  set 
was  reduced  from  3|  to  about  2  hours  as  determined  with  the  Vicat 
needle,  and  from  5|  to  about  3  hours  for  the  Gillmore  needle. 

With  7  per  cent  of  Vitriflux,  the  optimum  percentage  in  concrete, 
final  set  was  attained  in  about  l|  hours.  With  Cal  of  low  chlorine 
content,  10  per  cent  gave  a  final  set  at  about  2  hours.  No  time-of- 
setting  tests  were  made  with  standard  Cal.  Flash  set  was  produced 
by  additions  of  calcium  chloride  greater  than  4  per  cent  and  for  mag¬ 
nesium  chloride  and  Vitriflux  for  additions  greater  than  7  per  cent. 

Soundness.— Table  XIV  gives  data  of  standard  soundness  tests 
on  cement  A  using  the  various  admixtures.  In  all  cases  the  cement 
passed  the  test  satisfactorily. 

Bibliography— The  attached  bibliography  lists  the  more  important 
papers  which  contain  information  on  the  effect  of  calcium  chloride  as 
an  admixture  in  cement  and  concrete. 

The  brief  notes  which  accompany  many  of  the  references  are 
meant  to  reflect  the  views  expressed  in  the  paper  and  do  not  indicate 

the  opinion  of  the  author  of  this  report. 

Related  Tests. — We  are  now  conducting  field  and  laboratory  ex¬ 
periments  on  the  use  of  calcium  chloride  and  other  compounds  as 
curing  agents  for  concrete  roads.  Part  of  these  tests  are  being  made 
at  Sacramento  in  cooperation  with  the  California  Highway  Com¬ 
mission.  This  work  will  furnish  the  subject  matter  of  a  separate 
report. 

A  comprehensive  report  was  recently  published  on  tests  of  im¬ 
pure  waters  for  mixing  concrete.  (. Proceedings ,  American  Concrete 
Institute,  1924,  reprinted  as  Bulletin  12  of  the  Structural  Materials 
Research  Laboratory.)  This  report  gives  tests  of  concrete  mixed  with 
sulfate  waters  and  solutions  of  common  salt. 


Table  I.  Effect  of  Type  of  Admixture  on  the  Strength  of  Concrete — 

Series  156. 


Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Mix  1:5.2  by  volume  (1:2:4). 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  1$  in. 

Cement:  Portland  cement  “A"  purchased  in  Chicago 
Relative  consistency  1.00  (Flow  about  180,  see  Table  XII). 

Specimens  cured  in  moist  room  until  test;  tested  damp 

Each  value  is  the  average  of  from  4  to  10  tests  made  on  different  days  unless  otherwise  noted. 
, 'Ter!®^"ra^109  ar®  Percenl;aS6s  of  the  strength  of  concrete  at  same  age  without  admixture 
Admixtures  and  chlorine  expressed  as  per  cent  of  weight  of  cement. 

Data  plotted  in  Figs,  1  and  2. 
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115 

1.0 
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0.4 
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0.7 

1060 

111 
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1610 
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1.9 

1400 

147 

0.4 

1170 

123 

0.6 

1300 

137 

0.9 

1310 

138 

1.4 
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99 

3.3 

1070 

113 

3.4 
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0.7 

1280 

135 

1.1 

1430 

151 

1.5 

1310 

138 

2.4 
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91 

4.8 
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94 

4.8 
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87 

1.1 
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143 

1.6 
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3.4 
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1.6 
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7-day  Tests 
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0.1 

2 . 

1.0 

2420 

125 

1.0 

2400 

124 

0.2 

4 . 

1.9 

2380 

123 

1.9 

2220 

114 

0.4 

7 . 

3.3 

1820 

94 

3.4 

1700 

88 

0.7 

10 . 

4.8 

1490 

77 

4.8 

1560 

80 

1.1 

15 . 

1  ft 
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2.1 

1940 

2180 

2100 

2240 

2290 
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1830 


0.3 

0.6 

1.1 

1.6 
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2280 

2390 
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2130 
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0.4 
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1.5 
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28-day  Tests 


0a .  . . 

1 . 

0 

0  5 

3310 

3230 

3630 

3620 

2950 

100 

9S 

0 
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3500 
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89 
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87 
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2910 
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93 
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0.3 
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94 
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95 
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95 

91 

0.7 
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88 
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1.4 
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2450 

2120 

84 
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15 . 

4.8 
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100 
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3.4 

74 

64 
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2.1 

88 

3.2 

2770 

84 

3-month  Tests 
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1.0 
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102 
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1-year  Tests 
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0 

4320 
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2 . 

1.0 

4370 

4460 

101 

103 

103 

ol 

0.6 

4590 

5000 

5190 

106 

116 

120 

121 

109 

104 

101 

0.3 

4100 

95 

4 . 

1.9 

109 

0.7 

4320 

100 

7 . 

3  3 

3.4 

4.8 

109 

1.4 

4160 

96 

10 . 

4.8 

4880 

4610 

4450 

107 

107 

106 

2.4 

3870 

3250 

90 

15 . 

20 . 

1.6 

2.1 

107 

103 

2.4 

3.2 

4730 

4510 

3.4 

75 

3-year  Tests 

U<* . 
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2 . 

0 

0.5 

1.0 

5020 

5170 

5400 

5900 

5210 

4490 

100 
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89 

0 

0.5 

1.0 

1.9 

3.4 

4.8 

5020 

4680 

5540 

5840 

5040 

4590 

.... 

100 

93 

110 

116 

100 

91 

0 

0.1 

0.2 

0.4 

0.7 

1.1 

1.6 

2.1 

5020 

5i30 

5050 

100 

i02 

101 

108 
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111 

106 

0 

0.3 

0.6 

1.1 

5020 

5140 

5100 

5980 

5750 

5270 

5050 

100 

102 

102 

119 

115 

105 

101 

0 

0.2 

0.4 

0.9 

5020 

4940 

4940 

5330 

5710 

5510 

5360 

100 

98 

0 

0.3 

5020 

4710 

100 

94 

4 . 

1.9 

98 

0.7 

4830 

96 

7 . 

3  3 

106 

1.4 

4650 

93 

10 . 

4.8 

5340 

5550 

5330 

1.5 

114 

2.4 

4500 

90 

15 . 

20 . 

2.4 

3.2 

2.1 

3.2 

110 

107 

3.4 

3950 

79 

*  All  values  average  of  25  tests. 


Table  II. — Effect  of  Type  of  Admixture  on  the  Strength  of  Mortar — 

Series  156. 

Compression  tests  of  2  by  4-in.  mortar  cylinders. 

Mix  1:2.5  by  volume. 

Aggregate:  sand  from  Elgin,  Ill.,  graded  0  to  No.  4. 

Cement:  Portland  cement  "A’'  purchased  in  Chicago. 

Relative  consistency  1.00  (Flow  about  130,  see  Table  XIII. 

Specimens  cured  in  water  until  test;  tested  damp. 

Each  value  is  the  average  of  5  tests  made  on  different  days  unless  otherwise  noted. 

Strength-ratios  are  percentages  of  strength  of  mortar  at  same  age  without  admixture. 

Admixture  and  chlorine  expressed  as  per  cent  of  weight  of  cement. 
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2-day  Tests 


0a . 

0 

1970 

100 

0 

1970 

100 

0 

19/0 

100 

0 

19/0 

100 

0 

19/0 

100 

0 

1970 

100 

l . 

0.5 

2710 

138 

0.5 

2509 

127 

0.1 

0.2 

2490 

126 

0.3 

2350 

119 

2 . 

1.0 

2880 

146 

1.0 

2550 

130 

0.2 

2230 

i  13 

6.3 

2730 

139 

0.4 

2650 

135 

0.7 

2590 

131 

4 . 

1.9 

2610 

132 

1.9 

2290 

116 

0.4 

2530 

128 

0.6 

2910 

118 

0.9 

2920 

148 

1.4 

2260 

115 

7 . 

b 

b 

0.7 

2680 

136 

1.1 

3190 

162 

1 . 5 

2580 

131 

2.4 

2010 

102 

10 

1.1 

2730 

139 

1.6 

2950 

150 

2.1 

2370 

120 

b 

15  .  ... 

1.6 

2580 

131 

2.4 

2770 

111 

b 

20 . 

2.1 

2370 

120 

3.2 

2420 

123 

7-day  Tests 


0a . 

0 

3610 

100 

0 

3610 

100 

0 

3610 

100 

0 

3610 

100 

0 

3610 

100 

0 

3610 

100 

1 . 

0.5 

3800 

105 

0.5 

3960 

110 

0.1 

0.2 

3610 

100 

0.3 

3750 

101 

2 . 

1.0 

4320 

120 

1.0 

3920 

109 

0.2 

3560 

99 

0.3 

4210 

117 

0.4 

3970 

110 

0.7 

4040 

112 

4 . 

1.9 

3900 

108 

1.9 

3640 

101 

0.4 

3950 

109 

0.6 

4580 

127 

0.9 

4620 

128 

1.4 

4000 

111 

7  . 

b 

b 

0.7 

4080 

113 

1.1 

4930 

136 

1.5 

4410 

122 

2.4 

3430 

95 

10 

1.1 

4480 

124 

1.6 

4730 

131 

2.1 

3840 

106 

6 

15 . 

1.6 

4090 

113 

2.4 

3500 

97 

b 

20 . 

2.1 

3500 

97 

3.2 

3260 

90 

28-day  Tests 


o« . 

0 

5100 

100 

0 

5100 

100 

0 

5100 

100 

0 

5100 

100 

0 

5100 

100 

0 

5100 

100 

1  . 

0.5 

5400 

100 

1.5 

5020 

98 

0.1 

0.2 

5450 

107 

0.3 

5070 

99 

2 . 

1.0 

5560 

109 

1.0 

5010 

98 

0.2 

5330 

105 

0.3 

5470 

io7 

0.4 

5700 

112 

0.7 

5410 

106 

4  . 

1.9 

5250 

103 

1.9 

4570 

90 

0.4 

5450 

107 

0.6 

5940 

116 

0.9 

5800 

114 

1.4 

5490 

108 

7 

b 

b 

0.7 

5440 

107 

1  1 

6200 

122 

1.5 

5460 

107 

2.4 

4770 

94 

10  .... 

1.1 

5390 

106 

1.6 

5400 

106 

2.1 

4700 

92 

b 

15  .... 

1.6 

5190 

102 

2.4 

5540 

109 

b 

20 . 

2.1 

4900 

97 

3.2 

4700 

92 

3-mdnth  Tests 


0 

6080 

100 

0 

6080 

100 

0 

6080 

100 

0 

6080 

100 

0 

6080 

100 

0 

6080 

100 

. 

1  . 

0.5 

5580 

92 

0.5 

5740 

94 

0.1 

0.2 

5750 

94 

0.3 

6310 

104 

2 . 

1.0 

6490 

107 

1.0 

5790 

95 

0.2 

6030 

99 

6.3 

6390 

ios 

0.4 

5230 

86 

0.7 

6700 

110 

4  . 

1.9 

6010 

99 

1.9 

5180 

85 

0.4 

6490 

107 

0.6 

7030 

116 

0.9 

6550 

108 

1.4 

6470 

106 

7 

b 

b 

0.7 

6470 

106 

1.1 

7420 

122 

1.5 

6550 

108 

2.4 

5950 

98 

in 

1.1 

6320 

104 

1.6 

6810 

112 

2.1 

4820 

79 

1.6 

6350 

101 

2.4 

6250 

103 

b 

20 . 

2.1 

5800 

95 

3.2 

4960 

81 

1-year  Tests 


0 

6520 

100 

0 

6520 

100 

0 

6520 

100 

0 

6520 

100 

0 

6520 

100 

0 

6520 

100 

1  .... 

0.5 

5840 

90 

0 

5 

6410 

98 

0.1 

0.2 

6540 

100 

0.3 

7510 

115 

2  . 

1.0 

6930 

106 

1 

0 

6110 

94 

0.2 

6550 

100 

6.3 

7130 

ioo 

0.4 

6640 

102 

0.7 

6940 

106 

4  .... 

1.9 

5800 

89 

1 

9 

5300 

81 

0.4 

6710 

103 

0  6 

7750 

119 

0.9 

7050 

108 

1.4 

7110 

109 

7 

b 

b 

0.7 

6150 

91 

1.1 

7900 

121 

1.5 

6630 

102 

2.4 

6180 

95 

in 

1.1 

7880 

121 

1.6 

7150 

109 

2.1 

5600 

86 

b 

15  .... 

1.6 

6880 

105 

2.4 

6760 

104 

b 

20 . 

2.1 

6510 

100 

3.2 

6670 

102 

3-ye\k  Tests 


0 

6820 

100 

0 

6820 

100 

0 

6820 

100 

0 

6820 

10J 

0 

6820 

100 

0 

6820 

100 

1  . 

0.5 

7240 

106 

0.5 

6430 

94 

0.1 

0.2 

7030 

103 

0.3 

7480 

110 

2 

1.0 

5440 

80 

1.0 

6500 

96 

0.2 

6220 

9! 

0.3 

7630 

iii> 

0.4 

6950 

102 

0.7 

7180 

105 

4 

1  9 

5870 

86 

1.9 

5590 

82 

0.4 

6050 

89 

0.6 

7980 

117 

0.9 

6640 

97 

1.4 

6920 

102 

7 

b 

b 

0.7 

6700 

98 

1.1 

8840 

130 

1 .5 

6490 

95 

2.4 

7250 

106 

10  .... 

1.1 

7360 

108 

1.6 

8770 

129 

2.1 

6030 

89 

b 

1.6 

6660 

98 

2.4 

7590 

111 

b 

20 . 

2.1 

7230 

106 

3.2 

69401  102 

a  All  values  average  of  15  tests.  . 

6  Unable  to  make  specimens  with  higher  percentages  due  to  quick  stiffening. 


Table  III. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as 
Influenced  by  Mix — Series  156. 


Compression  tests  of  G  by  12-in.  concrete  cylinders. 

Mix  by  volume. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  in. 

Cement:  Portland  cement  “A”  purchased  in  Chicago. 

Relative  consistency  LOO  (Flow  about  180,  see  Table  XII). 

Specimens  cured  in  moist  room  until  test;  tested  damp. 

Each  value  is  the  average  of  5  tests  made  on  different  days  unless  otherwise  noted. 
Strength-ratios  are  percentages  of  the  strength  of  concrete  at  same  age  without  calcium  chloride 
Data  plotted  in  Figs.  3,  4,  6,  12  and  14. 


Mix  1:7 

Mix  1:5.2 

Mix  1:4 

Mix  1:3 

Mix  1:2 

Calcium 

bD 

rg 

bO 

b0 

Chloride 

Chlorine, 

<D 

a 

a> 

§ 

S 

B, 

per  cent 

per  cent" 

CaCfc6 

02. g 

O)  . 

>  zy 

o 

"8 

CaCIi!> 

02. g 

03  • 

>  CT 

o 

8 

CaCl*6 

02  .g 

03  • 

>  cr 

o 

8 

SC** 

CaCfe6 

02. g 

03  • 

>  O1 

O 

8 

CaCk1 

CQ.g 

03  • 
>  CT 

rength-Ratio, 

per  cent 

CD  <D 

ft°< 

o  — 1 

Q3 

£  ft 

Is 

O— ' 

•s  | 

c  & 
_g  ft 

o  a> 

ft& 

S-Q 

O'— 

irength- 

per  cen 

03  O 

ft0* 

Sxi 

A  g 

b£)  ^ 

a  & 
2  ft 

o  o 

B^£ 

O 

O 

m 

o 

m 

o 

m 

o 

72 

0 

1 

2 

4 

7 

10 


2-day  Tests 


0 

0 

540 

100 

0 

950  c 

100 

0 

1350 

100 

0 

1960 

100 

0 

2780 

0.5 

1.4 

630 

117 

1.8 

1220d 

128 

2.0 

1660 

123 

2.3 

2510 

128 

3  1 

3520 

1.0 

2.7 

620 

115 

3.7 

13104 

138 

4.3 

2010 

149 

5.3 

3110 

159 

6.4 

4150 

1.9 

5.5 

650 

120 

7.8 

1400rf 

147 

8.9 

1960 

145 

11.0 

2790 

142 

12  9 

3550 

3.4 

10.0 

560 

104 

13.4 

960d 

101 

16.5 

1480 

110 

19.9 

1920 

98 

20  2 

2020 

4.8 

14.9 

590 

109 

19.8 

830rf 

87 

22.5 

1040 

77 

29.5 

1740 

89 

31.6 

1670 

100 

126 

149 

128 

73 

60 


7-day  Tests 


0 

1 

2 

4 

7 

10 


0 

0 

1100 

100 

0 

1940  c 

100 

0 

2660 

100 

0 

3680 

100 

0 

4530 

0.5 

1.4 

1140 

104 

1.8 

2 1 20rf 

109 

2.0 

2970 

111 

2.3 

3920 

106 

3  1 

5290 

1.0 

2.7 

1160 

106 

3.7 

24004 

124 

4.3 

3450 

130 

5.3 

4760 

130 

6.4 

5890 

1.9 

5.5 

1160 

106 

7.8 

2200rf 

114 

8.9 

3170 

119 

11.0 

4620 

125 

12.9 

5280 

3.4 

10.0 

990 

90 

13.4 

1700d 

88 

16.5 

2520 

91 

19.9 

3440 

93 

20.2 

3500 

4.8 

14.9 

930 

85 

19.8 

1560d 

80 

22.5 

1780 

67 

29.5 

3030 

82 

31.6 

2820 

100 

116 

130 

116 

77 

62 


28-day  Tests 


0 . 

0 

0 

2060 

100 

0 

3310c 

100 

0 

4240 

100 

0 

4920 

100 

0 

5750 

100 

1 . 

0.5 

1.4 

1780 

86 

1.8 

3240d 

98 

2.0 

4210 

99 

2  3 

5200 

106 

3  1 

6500 

113 

2 . 

1.0 

2.7 

1710 

83 

3.7 

3430d 

104 

4.3 

4900 

116 

5.3 

6160 

125 

6  4 

7070 

123 

4 . 

1.9 

5.5 

1840 

89 

7.8 

3620d 

109 

8.9 

4490 

106 

11.0 

6280 

128 

12.9 

6510 

113 

7 . 

3.4 

10.0 

1650 

80 

13.4 

28904 

87 

16.5 

3960 

93 

19  9 

4510 

92 

20.2 

5400 

94 

10 . 

4.8 

14.9 

1610 

78 

19.8 

24604 

74 

22.5 

2920 

69 

29.5 

4090 

83 

31.6 

4870 

85 

3-month  Tests 


0 

0 

2790 

100 

0 

4170  c 

100 

0 

5140 

100 

0 

5960 

100 

0 

6140 

0.5 

1.4 

2490 

89 

1.8 

4060d 

97 

2.0 

5280 

103 

2.3 

6220 

104 

3  1 

6910 

1.0 

2.7 

2430 

87 

3.7 

4470d 

107 

4  3 

5750 

112 

5.3 

7070 

118 

6.4 

7590 

1.9 

5.5 

2520 

90 

7.8 

45504 

109 

8.9 

5670 

110 

11  0 

6920 

116 

12  9 

8030 

3.4 

10.0 

2400 

86 

13.4 

37804 

91 

16.5 

5050 

98 

19.9 

5700 

96 

20.2 

6740 

4.8 

14.9 

2180 

78 

19.8 

33204 

80 

22.5 

3980 

77 

29.5 

5670 

95 

31.6 

5800 

1-yeah  Tests 


0 . 

0 

0 

3050 

100 

0 

4320 c 

100 

0 

5750 

100 

0 

6490 

100 

0 

7C90 

100 

1 . 

0.5 

1.4 

2810 

92 

1.8 

4480rf 

104 

2.0 

5790 

101 

2.3 

6730 

101 

3.1 

7410 

105 

2 . 

1.0 

2.7 

2870 

94 

3.7 

47904 

111 

4.3 

6340 

110 

5.3 

7270 

112 

6.4 

7570 

106 

4 . 

1  9 

5.5 

2730 

90 

7.8 

51304 

119 

8.9 

6260 

109 

11.0 

7320 

113 

12.9 

7620 

107 

7 . 

3.4 

10.0 

2840 

93 

13.4 

45104 

104 

16.5 

5650 

98 

19  9 

6240 

96 

20.2 

6820 

96 

10 . 

4.8 

14.9 

2810 

92 

19.8 

3870d 

90 

22.5 

4300 

75 

29.5 

5690 

88 

31.6 

5530 

78 

0 

1 

2. 

4. 

7. 

10. 


3-year  Tests 


0 

0 

3500 

100 

0 

5020  c 

100 

0 

6390 

100 

0 

7530 

100 

0 

8390 

0.5 

1.4 

3360 

96 

1.8 

46804 

93 

2.0 

6490 

102 

2.3 

7840 

104 

3  1 

8870 

1.0 

2.7 

3240 

93 

3.7 

55404 

110 

4.3 

7210 

113 

5.3 

8710 

116 

6.4 

8940 

1.9 

5.5 

3080 

88 

7.8 

58404 

116 

8.9 

6980 

109 

11.0 

8470 

112 

12.9 

8970 

3.4 

10.0 

3220 

92 

13.4 

50404 

100 

16.5 

6090 

95 

19.9 

6170 

82 

20.2 

6990 

4.8 

14.9 

3020 

86 

19.8 

45904 

91 

22.5 

5360 

84 

29.5 

5850 

78 

31.6 

5160 

°  Per  cent  of  weight  of  cement. 

b  Per  cent  of  weight  of  mixing  water  using  commercial  product. 
e  Average  of  25  tests 
d  Average  of  10  tests 


Table  IV. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as 
Influenced  by  Consistency — Series  156. 

Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Mix  1:5.2  by  volume  (1:2:4).  , 

Aggregate:  sand  and  pebbles  from  Elgin,  III.,  graded  0  to  14  in. 

Cement:  Portland  cement  "A”  purchased  in  Chicago. 

Specimens  cured  in  moist  room  until  test;  tested  damp.  . 

Each  value  is  the  average  of  5  tests  made  on  different  days  unless  otherwise  noted. 

Strength-ratios  are  percentages  of  strength  of  concrete  at  same  age  without  calcium  chloride. 

Data  plotted  in  Figs.  5,  6,  13  and  14.  
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2-day  Tests 


0 . 

0 

0 

1110 

100 

0 

950 c 

100 

0 

720 

100 

0 

440 

100 

127 

159 

0 

1.2 

280 

360 

410 

400 

400 

360 

100 

128 

146 

143 

143 

128 

1 . 

0.5 

2.0 

1540 

139 

1.8 

1220-4 

128 

1.6 

920 

128 

1.4 

560 

700 

2 . 

1.0 

4.0 

1700 

153 

3.7 

1310-4 

138 

3.2 

1040 

144 

2.9 

2.4 
4.8 

8.5 
12.4 

4 . 

1.9 

8.1 

1610 

145 

7.8 

1400-4 

147 

6.6 

980 

136 

5.8 

670 

152 

7 . 

3.4 

14.7 

1190 

107 

13.4 
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101 

11.8 

780 

108 

10.4 

510 

116 

10 . 

4.8 

21.5 

940 

85 

19.8 
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87 

17.3 
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82 

15.1 
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98 

7-day  Tests 


0 

1 

2 

4 

7 

10 


0 

0 

2370 

100 

0 

1940 f 

100 

0 

1560 

100 

0 

1070 

100 

0 

640 

0  5 

2  0 

2590 

109 

1.8 

2120-4 

109 

1.6 

1630 

104 

1.4 

1150 

107 

1.2 

670 

1  0 

4  0 

2750 

116 

3.7 

2400-4 

124 

3.2 

1790 

115 

2.9 

1250 

117 

2.4 

780 

1  9 

8  1 

2660 

112 

7.8 

2220-4 

114 

6.6 

1770 

113 

5.8 

1150 

107 

4.8 

780 

3  4 

14  7 

2250 

95 

13.4 

1700-4 

8S 

11.8 

1370 

88 

10.4 

930 

87 

8.5 

720 

4.8 

21.5 

1780 

75 

19.8 

1560d 

80 

17.3 

1100 

70 

15.1 

820 

77 

12.4 

630 

100 

105 

122 

122 

112 

98 


28-day  Tests 


0 

0 

3830 

100 

0 

3310° 

100 

0 

2750 

100 

0 

2100 

100 

0 

0  5 

2  0 

3740 

98 

1.8 

3250d 

98 

1.6 

2580 

94 

1.4 

1810 

86 

1.2 

1  0 

4.0 

3830 

100 

3.7 

3430rf 

104 

3.2 

2710 

99 

2.9 

2020 

96 

2.4 

1  9 

8.1 

3850 

100 

7.8 

3620-4 

109 

6.6 

2770 

101 

5.8 

1830 

87 

4.8 

3  4 

14.7 

3310 

86 

13.4 

2890-4 

87 

11.8 

2290 

83 

10.4 

1700 

81 

8.5 

4.8 

21.5 

2770 

72 

19.8 

2460  d 

74 

17.3 

1980 

72 

15.1 

1570 

75 

12.4 
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1270 

1280 
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1210 
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3-month  Tests 
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100 
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100 
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100 
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4610 
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4060-4 

97 

1.6 

3490 

91 

1.4 

2660 

94 

1.2 

1720 

1  0 

4  0 

4670 

102 

3.7 

4470-4 

107 

3.2 

3860 

101 

2.9 

2680 

94 

2.4 

1800 

1  9 

8.1 

4780 

104 

7.8 

4550-4 

109 

6.6 

3490 

91 

5.8 

2510 

88 

4.8 

1850 

3  4 

14.7 

4200 

91 

13.4 

3780-4 

91 

11.8 

3220 

84 

10.4 

3250 

79 

8.5 

1690 

4.8 

21.5 

3810 

83 

19.8 

3320-4 

80 

17.3 

2640 

69 

15.1 

2080 

73 

12.4 

1580 

100 

92 

97 

99 

91 

85 


1-YEAii  Tests 


0 

1 

2 

4 

7 

10 


o 

0 

4450 

100 

0 

4320° 

100 

0 

4030 

100 

0 

3060 

100 

0 

2080 

0  5 

2.0 

4730 

106 

1.8 

4480d 

104 

1.6 

4030 

100 

1.4 

2800 

92 

1.2 

2030 

1  0 

4.0 

5620 

126 

3.7 

4790-4 

111 

3.2 

4160 

103 

2.9 

3050 

100 

2.4 

2020 

1  9 

8  1 

5240 

118 

7.8 

5130-4 

119 

6.6 

4250 

105 

5.8 

3060 

100 

4.8 

2140 

3  4 

14.7 

4590 

103 

13.4 

4510-4 

104 

11.8 

3760 

93 

10.4 

2720 

89 

8.5 

2090 

4.8 

21.5 

4180 

94 

19.8 

3870-4 

90 

17.3 

3440 

85 

15.1 

2680 

88 

12.4 

2170 

97 

103 
101 

104 


3-year  Tests 


o 

0 

5170 

100 

0 

5020  c 

100 

0 

4480 

100 

0 

3460 

100 

0 

2400 

0  5 

2  0 

5270 

102 

1.8 

4680d 

93 

1.6 

4370 

97 

1.4 

3070 

89 

1.2 

2330 

1  0 

4  0 

5860 

113 

3.7 

5540-4 

110 

3.2 

4600 

103 

2.9 

3510 

102 

2.4 

2310 

1  9 

8  1 

5980 

116 

7.8 

5810-4 

116 

6.6 

4990 

111 

5.8 

3410 

99 

4.8 

2310 

3  4 

14.7 

5830 

113 

13.4 

5040-4 

100 

11.8 

4450 

99 

10.4 

3300 

95 

8.5 

2190 

4.8 

21.5 

4890 

95 

19.8 

4590-4 

91 

17.3 

3850 

86 

15.1 

3020 

87 

12.4 

2180 

100 

97 

96 

96 

91 

91 


o  Per  cent  of  weight  of  cement. 

b  Per  cent  of  weight  of  mixing  water  based  on  the  commercial  product. 
c  Average  of  25  tests 
-4  Average  of  10  tests. 

«  Average  of  4  tests. 
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Table  V.  Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as 
Influenced  by  Different  Curing  Conditions — Series  156. 

Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Mix  1:5.2  by  volume  (1:2:4). 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  1  j  in. 

Cement:  Portland  cement  “A”  purchased  in  Chicago 
Relative  consistency  1.00  (Flow  about  180,  see  Table  XII). 

averaSe  °f  9  tesfs  made  on  different  days,  unless  otherwise  noted. 

Strength-ratios  are  percentages  of  strength  of  concrete  at  same  age  without  calcium  chloride 
Calcium  chloride  and  chlorine  expressed  as  per  cent  of  weight  of  cement 

I  Into  T7\  *7  „  J  O  _  m  i  i  -r  t-t 


Moist-Room  Curing" 

Water  Curing 

Air  Curing 

H 

Calcium  Chloride  B, 

Chlorine, 

s 

g 

per  cent 

per  cent 

•  j>  & 

£ 

"cl 

«-g 

<u  . 

o 

c3 

PS 

co.c 
a>  • 

>  o1 

o 

PS 

^  g 

C3 

Ji  g 

co  (_< 

»-<  Q. 

ft 

o  — 1 

O 

s  ^ 

g  0 

ft 

m 

ftft 

Brd 
o  — 

o 

C  £ 

£  ft 

k2* 

0  -o 

O'— 

O 

£  ft 

55 

28-day  Tests 


o . 

0 

33106 

100 

3140 

100 

2600 

100 

0.5 

3240 c 

98 

3160 

101 

2820 

108 

1.0 

3430 c 

104 

3440 

110 

3120 

120 

1.9 

3620 c 

109 

3210 

102 

3170 

122 

3.4 

2890 c 

87 

2620 

83 

2910 

112 

4.8 

2460  c 

74 

2630 

84 

2860 

110 

Average . 

3160 

95 

3030 

97 

2910 

112 

3-month  Tests 


0 . 

0 

41706 

100 

4080 

100 

2950 

100 

1 . 

0.5 

4060c 

97 

4100 

101 

3260 

111 

1.0 

4470 c 

107 

4330 

106 

3560 

121 

1.9 

4550 c 

109 

4260 

104 

3370 

114 

3.4 

3780" 

91 

3770 

92 

3190 

108 

4.8 

3320  c 

80 

3590 

88 

3230 

110 

Average . 

4060 

97 

4020 

99 

3260 

111 

1-year  Tests 


0 . 

0 

4320*' 

100 

4520 

100 

2660 

100 

0.5 

4480 c 

104 

4520 

100 

3090 

116 

1.0 

4790 c 

111 

4890 

108 

3270 

123 

1.9 

5130 c 

119 

4690 

104 

3240 

122 

3.4 

4510c 

104 

4330 

96 

2760 

104 

4.8 

3870  c 

90 

4350 

90 

2840 

107 

Average . 

4520 

105 

4550 

101 

2980 

112 

3-year  Tests 


0 

1 

2 

4 

7, 

10 


Average . 


0 

0.5 

1.0 

1.9 

3.4 

4.8 


“  Same  values  used  in  Table  I. 

b  Average  of  25  tests, 
v  Average  of  10  tests 


5020b 

100 

4720 

100 

2990 

4680 c 

93 

4990 

106 

3280 

5540 c 

110 

5080 

108 

3680 

5840 c 

116 

5180 

110 

3390 

5040 c 

100 

5240 

111 

3240 

4590 c 

91 

4700 

100 

3020 

5120 

102 

4970 

106 

3270 

Table  VI. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as 
Influenced  by  Different  Curing  Conditions— Series  158. 

Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Mix  1:5.2  by  volume  (1:2:4). 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  1}  in. 

Cement:  a  mixture  of  four  brands  of  Portland  cement  purchased  in  Chicago  (Laboratory  cement). 

Relative  consistency  1.00  (Flow  about  180,  see  Table  XII). 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Strength-ratios  are  percentages  of  strength  of  concrete  at  same  age  without  calcium  chloride. 

Calcium  chloride  expressed  in  terms  of  weight  of  cement. 

Data  plotted  in  Figs.  9  and  10. 
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1310 

100 

1450 

100 
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1580 
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1660 
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1680 
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90 

— 

— 

* - 

— 

— 

— 

_ 

Average .... 
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1660 
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28-day  Tests 


0 . 

2080 

100 

2220 

100 

2720 

100 

2650 
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2640 
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1 . 

2270 

109 

2450 

110 

2860 

105 

2830 

107 

2610 

99 

2 . 

2290 

110 

2640 

119 

2980 

110 

3200 

121 

2810 

106 

4 . 

2470 

119 

2710 

122 

3040 

112 

3100 

117 

2560 

97 

7 . 

2330 

112 

2530 

114 

2870 

105 

3000 

113 

2250 

85 

10 . 

2360 

113 

2480 

112 

2750 

101 

2770 

104 

2030 

77 

Average .... 

2300 

111 

2600 

113 

2870 

105 

2920 

110 

2490 

94 

3-month  Tests 


0 . 

2530 

100 

2630 

100 

3110 
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3380 
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1 . 
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2660 
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3450 
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3670 

105 

4020 
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3560 
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2 . 
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105 
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3640 
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2710 
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93 
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91 

3380 
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10 . 
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3960 

103 

4520 
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2750 
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3630 
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107 

4330 
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2720 
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3110 

123 
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109 

3810 

104 
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4760 

105 
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2520 
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2760 

109 

2750 

90 

3300 

90 

3580 

93 

4240 
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3850 

94 
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2410 
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2590 
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2850 
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90 

3380 

82 

Average ... 
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1-year  Tests 
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4510 

103 

5160 

103 
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90 
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3460 

110 

3770 

93 

4200 

96 

4260 

85 

3800 

79 

Average .... 

2700 

79 

2870 
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3120 

101 

3570 

114 

3960 

99 

4320 

98 

4880 

98 

4350 

91 

24-year  Tests 
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2540 
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2560 
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3180 
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3360 
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3900 
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4190 
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5270 

100 

4980 
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2760 

109 
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3500 
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3550 

105 

3850 

99 

4150 

99 

4730 

90 

4840 

97 

2 . 
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2760 
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88 
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85 
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79 
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87 

Average .... 
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2910 

114 

3280 

103 

3360 

100 

3750 

96 

4090 

98 

4770 

91 

5060 
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Table  VII. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete 
and  Mortar  as  Influenced  by  Brand  of  Cement — Series  156. 


Compression  tests  of  6  by  12-in.  concrete  cylinders  and  2  by  4-in.  mortar  cylinders. 

Mix  1:5.2  by  volume  for  concrete;  1:2.5  by  volume  for  mortar. 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.;  sand  graded  0  to  No.  4  and  sand  and  pebbles  graded  0  to  1J  in. 
Cement:  4  brands  of  Portland  cement  “A.”  “B  "  “C”  and  “  D”  purchased  in  Chicago. 

Relative  consistency  1.00  (Flow  about  180  for  concrete  and  130  for  mortar,  see  Table  XII). 

Concrete  specimens  cured  in  moist  room  and  mortar  specimens  in  water  until  test;  tested  damp. 

Each  value  for  concrete  strength  is  the  average  of  9  tests  made  on  different  days  and  for  mortar  5  tests  unless  other¬ 
wise  noted. 

Strength-ratios  are  percentages  of  strength  of  concrete  at  same  age  without  calcium  chloride. 

Calcium  chloride  and  chlorine  expressed  in  terms  of  weight  of  cement. 

Data  plotted  in  Fig.  11.  Compare  Table  VIII. 
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Compression  Tests  op  6  by  12-in.  Concrete  Cylinders 


2  days . 

0 

0 

950“ 

100 

750 

100 

570 

100 

740 

100 

100 

4 

1.9 

1400  6 

147 

810 

108 

810 

142 

1130 

153 

138 

7  days . 

0 

0 

1940“ 

100 

1640 

100 

1240 

100 

1620 

100 

100 

4 

1.9 

2220'’ 

114 

1620 

99 

1530 

123 

2130 

131 

117 

28  days . 

0 

0 

3310-1 

100 

2990 

100 

2150 

100 

2650 

100 

100 

4 

1.9 

36206 

109 

2870 

96 

2520 

117 

3170 

119 

110 

3  months. . . . 

0 

0 

4170° 

100 

4220 

100 

3030 

100 

3860 

100 

100 

4 

1.9 

45506 

109 

4230 

100 

3450 

114 

4000 

104 

107 

1  year . 

0 

0 

4320° 

100 

4580 

100 

3410 

100 

3890 

100 

100 

4 

1.9 

suo6 

119 

4960 

108 

3870 

113 

4490 

115 

114 

3  years . 

0 

0 

5020a 

100 

5480 

100 

4100 

100 

4840 

100 

100 

4 

1.9 

5840& 

116 

5830 
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4430 

108 

4880 

101 
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Compression  Tests  of  2  by  4-in.  Mortar  Cylinders 


2  days . 

0 

0 
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100 

1840 

100 

1550 

100 

1450 

100 

100 

4 

1.9 

2290 

116 

1490 

81 

1850 

119 

2330 

161 

119 

7  days . 

0 

0 

3G10C 

100 

3100 

100 

3100 

100 

3270 

100 

100 

4 

1.9 

3640 

101 

2680 

84 

3420 

107 

4240 

130 

106 

28  days . 

0 

0 

5100c 

100 

4710 

100 

4670 

100 

4740 

100 

100 

4 

1.9 

4570 

90 

4760 

101 

4550 

98 

5900 

125 

103 

3  months. . . . 

0 

0 

6080  c 

100 

5440 

100 

5500 

100 

5980 

100 

100 

4 

1.9 

5180 

85 

6230 

114 

6290 

114 

6310 

105 

104 

1  year . 

0 

0 

6520  c 

100 

6060 

100 

6710 

100 

6520 

100 

100 

4 

1.9 

5300 

81 

7280 

120 

7320 

109 

8070 

124 

108 

3  years . 

0 

0 

6820° 

100 

7030 

100 

6920 

100 

7100 

100 

100 

4 

1.9 

5590 

82 

7550 

107 

7200 

104 

7990 

112 

101 

«  Average  of  25  tests. 
*  Average  of  10  tests. 
c  Average  of  15  tests. 


Table  VIII. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete 
as  Influenced  by  Brand  of  Cement — Series  158. 

Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Mix  1:5.2  by  volume  (1:2:4) 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  14  in. 

Cement:  4  brands  of  Portland  cement  “A,”  “B,’  ‘C  and  D  purchased  in  Chicago. 

Relative  consistency  1.00  (Flow  about  180.  see  Table  XII).. 

Specimens  cured  in  moist  room  for  11  days;  remainder  in  air. 

Each  value  is  the  average  of  5  tests  made  on  different  days.  .  , ,  . , 

Strength-ratios  are  percentages  of  strength  of  concrete  at  same  age  without  calcium  chloride. 

Calcium  chloride  expressed  in  terms  of  weight  of  cement. 

Compare  Table  VII.  _ . _ 
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103 

98 

106 


3500 

3530 

3640 

3590 

3290 

2980 

3420 


100 

101 

104 

103 

94 

85 


2870 

2900 

3040 

3090 

2820 

2700 

2900 


3660 

100 

3430 

100 

3100 

100 

3340 

100 

2840 

3690 

101 

3590 

105 

3520 

114 

3390 

102 

2890 

8900 

107 

3520 

103 

3550 

115 

3920 

117 

3060 

3810 

104 

3450 

101 

3660 

118 

3590 

107 

2730 

3300 

90 

3610 

105 

3470 

112 

3170 

95 

2650 

2850 

78 

3380 

99 

2930 

95 

2810 

84 

3040 

3530 

97 

3500 

102 

3370 

109 

3370 

101 

2870 

100 

104 

108 

96 

93 

107 

101 


100 

101 

106 

108 

98 

94 

101 


21-year  Tests 


0 . 

1 . 

2 . 

4 . 

7 . 

10 . 

Average . . . 


3360 

100 

3430 

100 

3370 

100 

3390 

100 

3550 

106 

3770 

110 

3320 

99 

3660 

108 

3680 

110 

3770 

110 

3600 

107 

3630 

107 

3460 

103 

3310 

96 

3560 

106 

3580 

106 

3160 

94 

3450 

101 

3150 

93 

3120 

92 

2970 

88 

3380 

99 

3100 

92 

2930 

86 

3360 

100 

3520 

103 

3350 

100 

3380 

100 

2860 

2850 

3040 

3080 

3470 

2700 

3000 


100 

100 

106 

108 

121 

94 

105 


•  A  mixture  of  the  four  brands,  A,  B  C  and  D,  given  above,  Put  not  ot  tne  same  .0,  same 
in  Table  VI.  The  individual  brands  are  the  same  as  those  in  Series  156,  but  not  the  same  lots. 
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Temperature, 
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Mixing 
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cococococoeocococooaoicocoojo 

T-4Y-I  y-i  CM 

Cement 

and 

Aggre¬ 

gate 

COtOOCONNNNNNNON^M 

cocoococococoeoeococo*o*ooo 

Place  Cured 
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Outdoors 

Laboratory 

Outdoors 

Outdoors 

Laboratory 

Outdoors 

Laboratory 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Place  Made 

Laboratory 

Laboratory 

Laboratory 

Laboratory 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 

Outdoors 
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Table  X.— Maximum  Strength-Ratios  for  Concrete  and  Mortar  Using 
Chemical  Admixtures— Series  156. 


Based  on  data  in  Tables  I  and  II  and  Fig.  1. 

Mix  for  concrete,  1:5.2;  for  mortar,  1:2.5  by  volume. 


Relative  consistency  1.00.  

Chemical 

Admixture 

Calcium 
Chloride 
Content, 
per  cent 
by  Weight 

Maximum  Strength-Ratio0 

Percentage  of  Admixture  at  which 
Maximum  Strength  Occurs 

2 

days 

7 

days 

28 

days 

3 

months 

1 

year 

3 

years 

2 

days 

7 

days 

28 

days 

3 

months 

1 

year 

3 

years 

6  by  12-in.  Concrete  Cylinders 


None . 

0 

950 c 

1940 c 

3310c 

4170° 

4320 c 

5020 c 

Calcium  Chloride,  A  . . 

74 

170 

125 

110 

112 

117 

118 

4 

1.9s 

3 

1.5 

3 

1.5 

3 

1.5 

4 

1.9 

4 

1.91 

Calcium  Chloride,  B . . 

75 

147 

124 

109 

109 

119 

116 

4 

1.9s 

2 

1.0 

4 

1.9 

4 

1.9 

4 

1.9 

4 

1.9 

Cal  (standard  chlorine) 

25 

151 

123 

107 

107 

121 

119 

7 

1.1s 

7 

1.1 

7 

1.1 

10 

1.6 

10 

1.6 

7 

1.1 

Cal  (low  chlorine) .... 

17 

143 

118 

101 

104 

113 

111 

10 

1.1s 

10 

1.1 

7 

0.7 

10 

1.1 

10 

1.1 

15 

1.6 

Vitriflux . 

34 

138 

115 

106 

108 

109 

114 

7 

1.5s 

7 

1.5 

6 

1.3 

7 

1.5 

4 

0.9 

7 

1.5 

Magnesium  chloride.  . 

46 

(MgCls) 

115 

Decrease 

;or  all  percentages 

1 

0.3s 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Cylinders  (0  to  No.  4  Elgin  Sand) 


0 

1970d 

3610d 

5100rf 

6080  d 

6520d 

6820d 

Calcium  chloride,  A... 

74 

146 

120 

109 

107 

106 

106 

2 

1.0s 

2 

1.0 

2 

1.0 

2 

1.0 

2 

1.0 

1 

0.5 

130 

110 

2 

2 

0 

0 

0 

0 

Calcium  chloride,  B . . . 

75 

1 

percentages 

/ 

1.0s 

1.0 

0 

0 

0 

0 

Cal  (standard  chlorine) 

25 

162 

136 

122 

122 

121 

130 

7 

1.1s 

7 

1.1 

7 

1.1 

7 

1.1 

7 

1.1 

7 

1.1 

Cal  (low  chlorine) .... 

17 

139 

124 

107 

107 

107 

100 

10 

1.1s 

10 

1.1 

7 

0.7 

7 

0.7 

10 

1.1 

10 

1.1 

34 

148 

128 

114 

108 

108 

103 

4 

0.9s 

4 

0.9 

4 

0.9 

4 

4 

0.9 

1 

0.2 

Magnesium  chloride . . 

46 

(MgCl2) 

131 

112 

106 

110 

110 

110 

2 

0.7s 

2 

0.7 

4 

1.4 

2 

0.7 

2 

0.7 

1 

0.3 

x  cu/cuiagu  ui  ~ - -  .  . - . 

b  Percentage  of  chlorine  based  on  weight  of  cement. 

<  Strength  of  concrete  without  admixture,  lb.  per  sq.  in, 
d  Strength  of  mortar  without  admixture,  lb.  per  sq.  in, 
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Table  XL— Summary  of  Tests  on  Calcium  Chloride  in  Concrete. 


Compressive  Strength  Without 
Admixture,  lb.  per  sq.  in. 

Maximum  Strength-Ratio 
Using  Calcium  Chloride 

Per  cent  Calcium  Chloride 
Giving  Maximum  Strength 

2 

days 

7 

days 

28 

days 

3 

mo. 

1 

year 

3 

years 

2 

days 

7 

days 

28 

days 

3 

mo. 

1 

year 

3 

years 

2 

days 

7 

days 

28 

days 

3 

mo. 

1 

year 

3 

years 

Effect  of  Mix  Series  150— Relative  Consistency  1. 00;  Cement  A;  See  Table  III  and  Fio.  3 


Mix  1:7 . 

540 

950 

1350 

I960 

2780 

1100 

1940 

2660 

3680 

4530 

2060 

3310 

4240 

2790 

3050 

120 

106 

124 

130 

130 

130 

Mix  1:5.2 . 

109 

116 

128 

123 

109 

112 

° 

a 

4 

2 

0 

0 

0 

0 

Mix  1:4.... 

5140 

5750 

o020 

119 

110 

116 

4 

2 

4 

4 

4 

4 

Mix  1:3 . 

ooyu 

113 

2 

2 

2 

2 

2 

2 

Mix  1:2 . 

5750 

6140 

7090 

3390 

149 

118 

131 

113 

107 

116 

107 

2 

2 

2 

2 

4 

2 

2 

4 

4 

4 

2 

2 

Effect  of  Consistency-Series  156-Mix  1:5.2;  Cement  A;  See  Table  IV  and  Fio.  5 


Rel.  Consist.  0.90 _ 

“  “  1.00.... 

“  “  1.10.... 

“  “  1.25.... 

1110 

950 

720 

440 

2.370 

1940 

1560 

1070 

3830 

3310 

2750 

2100 

4590 

4170 

3830 

2840 

4450 

4320 

4030 

3060 

5170 

5020 

4480 

3460 

153 

147 

144 

159 

116 

124 

115 

117 

100 

109 

101 

104 

109 

101 

126 

119 

105 

a 

116 

116 

111 

104! 

2 

4 

2 

2 

2 

2 

4 

4 

4 

0 

2 

4 

4 

2 

0 

0 

2 

4 

4 

0 

10 

4 

4 

4 

1.50.... 

280 

640 

1200 

1860 

2080 

2400 

146 

122 

107 

a 

104 

2 

2 

0 

Effect  of  Curing  Condition-Series  156-Mix  1:5.2;  Relative  Consistency  1.00;  Cement  A;  See  Table  V  and 

I  IQS.  7  AND  8 


Moist  Room . 

3310 

4170 

4080 

2950 

109 

110 

122 

109 

106 

121 

119 

108 

123 

116 

Water  Curing . 

4520 

4 

4 

4 

4 

Air  Curing . 

2600 

111 

2 

2 

2 

7 

123 

4 

2 

2 

2 

Effect  of  Coring  Condition-Series  158-Mix  1:5.2;  Relative  Consistency 

VI  and  Figs.  9  and  10 


1.00;  Cement,  4  Brands;  See  Table 


Moist  Room,  0  days'. 

3  days'. 
“  7  days'. 

14  days' 
“  28  days' 

“  “  3  mo.'. . 

“  6 mo.'. . 

“  1  year' 


1340 

1450 

1310 

2080 

2220 

2720 

2660 

2640 

2530 

2630 

3110 

3500 

4120 

3380 

3420 

2540 

134 

119 

2790 

2500 

126 

122 

3110 

3180 

123 

112 

3140 

3360 

121 

4050 

3900 

106 

4370 

4190 

4990 

5270 

4790 

4980 

114 

121 

116 

111 

101 

108 


122 

111 

125 

107 

103 

103 

a 


0  4 
4  2 
4  2 
4  2 
2  4 
4  4 
4  0 
0  4 


Effect  of  Brand  of  Cement-Series  156-M.x  1:5.2,  Relative  Consistency  1.00;  See  Table  VII  and  Fig.  11 


Cement  A . 
“  B. 
“  C. 
“  D. 


950 

1940 

3310 

4170 

4320 

5020 

147 

114 

109 

109 

119 

116 

1 

750 

1640 

2990 

4220 

4580 

5480 

108 

a 

108 

10fi 

570 

1240 

2150 

3030 

3410 

4100 

142 

123 

117 

114 

113 

108 

740 

1620 

2650 

3860 

3890 

4840 

153 

131 

119 

104 

115 

101 

J 

Tests  made  for  4  per  cent 
calcium  chloride  only 


Effect  of  Brand  of  Cement-Series  158-Mix  1:5.2;  Relative  Consistency  100;  See  Table  VIII 


Cement,  Lab . 

2650 

2830 

2500 

2470 

2170 

3500 

3610 

3290 

3330 

3070 

121 

107 

126 

119 

111 

101 

119 

114 

105 

125 

108 

114 

110 

— 

“  A . 

3660 

3340 

3500 

2 

4 

4 

2 

“  B . 

110 

7 

10 

7 

1 

“  C . 

107 

7 

4 

2 

2 

“  D . 

104 

108 

108 

4 

4 

2 

1 

121 

4 

4 

4 

1 

Decrease  in  strength  with  all  percentages  of  calcium  chloride 

Curec  14  days  m  moist  room;  remainder  in  dry  air. 
c  Kemamder  in  air  of  laboratory. 
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Table  XII— Water-Ratios  and  Flow  Tests— Series  156. 


Water  is  expressed  as  the  ratio  of  volume  of  water  to  volume  of  cement  apparatus  consists  of  a 

Plasticity  of  the  concrete  and  mortar  was  measured  by  means  ot  the  dfinoh  For  concrete, 

truncated  cone  and  a  table  mounted  on  a  cam  m  sue :  a  y  in  diameter  For  the  mortar  tests  the  truncated  cone 

ns  a  percent,,.  o(  .he  b»  dinm.to  .1 

.er.  made  in  each  art  on  did. ant  dap.  The  «o»  n.  determined  only  to  .he  «...  .peeime. 
in  a  set  The  same  quantity  of  mixing  water  was  used  throughout  the  set. 

Admixture  expressed  as  per  cent  of  weight  of  cement. 


A.  Concrete  and  Mortar  Tests;  Tatles  1  and  II 


1 


Calcium 
Chloride  B 

Cal 

Magnesium 

Admixture, 

Chloride  A 

Standard 

Low  Chlorine 

per  cent 

Water- 

Ratio 

Flow 

Water- 

Ratio 

Flow 

Water- 

Ratio 

Flow 

Water- 

Ratio 

Flow 

Water- 

Ratio 

Flow 

Water- 

Ratio 

Flow 

1:5.2  Concrete;  See  Table  I 

Oc  . 

0.85 

173 

0.85 

173 

0.85 

173 

0.85 

173 

0  85 
0.85 
0.85 
0.85 
0.85 
0.85 
0.85 

173 

177 

0.85 

0.89 

173 

185 

1  . 

2  . 

0.85 

0.83 

180“ 

180° 

0.85 

0.84 

172 

169 

0.86 

0.86 

0.86 

0.86 

0.88 

0.90 

180 

187 

179 

176 

185 

190 

0.86 

0  86 

172 

176 

176 

171 

171 

172 

181 

177 

0.91 

0.93 

185 

190 

4  . 

0.80 

176“ 

0.80 

150 

185 

0.91 

181 

7  . 

0.84 

177° 

0.84 

169 

0.88 

188 

0.94 

178 

10  . 

0.83 

163a. t 

0.84 

160* 

181 

is . 

20 . 

0.90 

1 :  2$  Mortar;  See  Table  II 

O'* . 

0.58 

125 

0.58 

125 

0.58 

125 

0.58 

125 

0.58 

0.57 

0.59 

0.61 

0.63 

0.65 

125 

122 

0.58 

0.64 

125 

135 

i  . 

0.58 

123 

0.56 

118 

0.60 

0.61 

0.61 

0.02 

0.62 

0.63 

i3i 

138 

140 

140 

146 

152 

133 

132 

132 
143 
136 

133 

126 

0.70 

144 

2  . 

0.62 

119 

0.58 

116 

0.61 

128 

0.78 

141 

4  . 

0.69 

126 

0.58 

122 

123 

0.93 

143 

7  . 

0.02 

0.62 

0.63 

120 

10  . 

15  . 

20 . 

“  vIluSfflow  erratic  due  to  quick  stiffening.  Omitting  three  sets  of  low  values,  the  average  becomes  179. 

c  Average  of  25  teats. 
d  Average  of  15  tests. 

e  Values  of  flow  erratic  due  to  quick  stiffening. 
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Table  XII — Continued. 

B.  Concrete  Tests;  See  Table  III 


Calcium 
Chloride  B, 
per  cent 


0 

1 

2 

4 

7 

10 


Mix  by  Volume 


1:7 


Water- 

Ratio 


1.09 

1.11 

1.14 

1.10 

1.10 

1.08 


Flow 


166 

180 

179 

178 

169 

174 


1:5 

1:4 

1:3 

1:2 

Water- 

Ratio 

Flow 

Water- 

Ratio 

Flow 

Water- 

Ratio 

Flow 

Water- 

Ratio 

Flow 

0.85 

0.85 

0.84 

0.80 

0.84 

0.84 

173 

172 

169 

160 

169 

160 

0.73 

0.73 

0.71 

0.70 

0.69 

0.74 

174 

175 
177 
185 
166 
189 

0.58 

0  60 
0.58 
0.58 
0.58 
0.58 

172 

168 

137 

171 

161 

163 

0.49 

0.49 

0.48 

0.49 

0.54 

0.54 

170 

166 

168 

180 

211 

105 

Calcium 
Chloride  B, 
per  cent 


0 

1 

2 

4 

7 

10 


Relative  Consistency 


0.90 


1.00 


Water- 

Ratio 


0.76 

0.76 

0.76 

0.76 

0.76 

0.76 


Flow 


152 

154 

150 

151 
160 
157 


Water- 

Ratio 


0.85 

0.85 

0.84 

0.80 

0.84 

0.84 


Flow 


173 

172 

169 

160 

169 

160 


1. 

10 

1. 

25 

1 

50 

Water- 

Ratio 

Flow 

Water- 

Ratio 

Flow/ 

Water- 

Ratio 

Flow/ 

0.94 

0.94 

0.94 

0.94 

0.94 

0.94 

200 

202 

210 

205 

196 

208 

1.06 

1.07 

1.06 

1.07 

1.07 

1.06 

1.28 

1.29 

1.28 

1.28 

1 .28 
1.28 

D.  1:5.2  Concrete;  See  Table 


Calcium  Chloride  B, 
per  cent 

Moist  Room  Curing 

Water  Curing 

Air  Curing 

Water-Ratio 

Flow 

Water-Ratio 

Flow 

Water-Ratio 

Flow 

0 . 

0.85 

0.85 

0.84 

0.80 

0  84 

0.84 

173 

172 

169 

160 

169 

160 

0.85 

1 . 

175 

0.85 

180 

180 

184 

184 

183 

170 

2 . 

0.85 

174 

0.85 

4 . 

0.85 

180 

0.85 

7 . 

0.85 

179 

0.85 

10 . 

0.85 

184 

0  85 

0.83 

177 

0.83 

E.  Con.  rete  and  Mortar  Tests  with  Different  Cements;  Table  VII 

Calcium  Chloride  B, 
per  cent 

Cement  A 

Cement  B 

Cement  C 

Cement  D 

Water-Ratio 

Flow 

Water-Ratio 

Flow 

Water-Ratio 

Flow 

Water-Ratio 

Flow 

1:5.2  Concrete;  See  Table  VII 

0 . 

0.85 

0.85 

0.85 

164 

4 . 

0.85 

157 

0  85 

163 

167 

163 

0.85 

155 

0.85 

l:2i  Mortar;  See  Table  VII 


0.58 

0.58 


133 

161 


0.63 

0.77 


139 

137 


0.62 

0.75 


132 

139 


0. 

4. 
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Table  XIII— Tests  of  Cements. 


Miscellaneous  Tests 


Tests  made  in  accordance  with  the  Standard  Specifications  and  Tests  for  Portland  Cement  of  the  American  Society 
for  Testing  Materials. 


Series 

Cement 

Residue  on 
No.  200 
Sieve 

Water  for 
Normal 
Consistency, 
per  cent 
by  Weight 

f 

A  . 

17.6 

23.0 

156..  | 

B . 

19.8 

24.5 

C . 

21.0 

24.0 

l 

D . 

11.6 

24.0 

158.... 

Laboratory. . 

17.4 

23.5 

188.... 

Laboratory... 

18.4 

23.5 

Time  of  Setting 


Vicat  Needle 


Initial 


hr 


30 

45 

50 

40 

40 

40 


Gillmore  Needle 


Final 


35 

00 

05 

25 

50 

50 


Initial 


hr. 


15 

50 

10 

10 

20 

25 


Final 


hr. 


Soundness 

Test 

(over 

boiling 

water) 


O.K. 

O.K. 

O.K. 

O.K. 

O.K. 

O.K. 


Telfmfde&iXcTwith  the  Standard  Specifications  and  Tests  for  Portland  Cement  of  the  American  Society 


Strength  Tests 


for  Testing  Materials. 

Specimens  cured  in  water;  tested  damp 


Series 

Cement 

Mixing 
Water, 
per  cent 

Tensile  Strength  of  Briquettes, 
lb.  per  sq.  in. 

Compressive  Strength  of  2  by  4-in 
Cylinders,  lb.  per  sq.  in. 

3 

days 

7 

days 

28 

days 

3 

months 

1 

year 

3 

days 

7 

days 

28 

days 

3 

months 

1 

year 

220 

250 

360 

375 

400 

960 

1750 

2890 

3520 

3650 

I 

175 

235 

365 

430 

405 

1020 

1630 

2930 

3750 

3280 

156. .  < 

180 

245 

340 

420 

390 

830 

1450 

2170 

2850 

3030 

1 

D . 

105 

185 

265 

375 

415 

385 

1140 

1710 

3030 

3690 

3180 

158.... 

Laboratory . 

10.5 

270 

390 

430 

440 

1660 

2520 

3340 

3890 

188.... 

Laboratory . 

10.4 

310 

405 

450 

1820 

2930 

3950 
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Table  XIV.— Influence  of  Admixtures  on  Time  of  Setting  of  Cement- 

Series  156. 

 Tests  for  time  of  setting  made  with  Cement  A,  only. 


Admixture 


None . 

Calcium  chloride,  A. 

Calcium  chloride,  B. 

Cal  (low  chlorine).. . . 


Vitriflux. 


Magnesium  chloride. 


Caloium 
Chloride, 
per  cent 


74 


75 


17 


34 


46  6 


Chlorine 

Combined 

as 

Chloride, 
per  cent 


47.5 


48.0 


10.6 


21.4 


34.4 


Admix¬ 
ture, 
per  cent 
of  weight 
of  cement 


1 

2 

4“ 

1 

2 

4° 

2 

4 

7 

10 

15 

20 

1 

2 

4 

7 

10 

1 

2 

4 

7“ 


Normal 
Con¬ 
sistency, 
per  cent 
by  weight 


23.0 

22.0 

23.0 

25.0 

22.0 

23.0 

25.0 

23.0 

23.5 

24.5 
25.0 
26.0 
29.0 

22.5 
22.5 

22.5 
23.0 

24.5 

22.5 
23.0 

24.5 
27.0 


“  Higher  percentages  gave  flash  set. 

•  Magnesium  chloride. 


Time  of  Setting 

Sound- 

Vicat 

Gillmore 

ness 

Needle 

Needle 

Test 

(over 

boiling 

Initial 

Final 

Initial 

Final 

water) 

hr 

min. 

hr. 

min. 

hr. 

min. 

hr. 

min. 

i 

30 

3 

35 

2 

15 

5 

30 

O.K- 

i 

20 

3 

05 

2 

10 

3 

15 

OK. 

i 

20 

2 

25 

2 

00 

3 

10 

O.K. 

0 

10 

1 

10 

0 

20 

1 

20 

O.K. 

1 

10 

2 

30 

2 

00 

3 

05 

OK. 

1 

00 

2 

10 

1 

30 

2 

40 

OK. 

0 

10 

0 

40 

0 

20 

1 

10 

OK. 

1 

20 

3 

00 

2 

10 

4 

50 

O.K. 

1 

10 

2 

55 

2 

20 

3 

30 

O.K. 

1 

00 

2 

20 

2 

20 

3 

30 

OK. 

0 

45 

2 

15 

1 

50 

2 

35 

O.K. 

0 

40 

1 

20 

1 

20 

2 

10 

O.K. 

0 

20 

1 

20 

1 

10 

2 

00 

O.K. 

0 

55 

3 

15 

1 

50 

3 

40 

O.K. 

1 

05 

2 

30 

2 

00 

3 

30 

O.K. 

0 

50 

2 

00 

1 

45 

2 

40 

O.K. 

0 

05 

1 

30 

0 

10 

1 

20 

O.K. 

Flash  Set 

O.K. 

1 

20 

3 

10 

2 

35 

3 

50 

O.K. 

1 

20 

6 

10 

2 

30 

3 

50 

O.K. 

1 

10 

2 

40 

2 

05 

3 

15 

O.K. 

0 

40 

1 

50 

1 

40 

3 

00 

O.K. 

Table  XV.  Chemical  Analyses  of  Cements. 


UstingmMateriala<;COrdanee  ^  Standard  Specifications  and  Tests  for  Portland  Cement  of  the  American  Society 
Values  are  the  average  of  2  tests  expressed  as  percentages  by  weight. 


Cement 

Silica 

(Sift) 

Iron  and 
Aluminum 
Oxides 
(Fc20a-1- 
AI2O3) 

Calcium 

Oxide 

(CaO) 

Magnesium 

Oxide 

(MgO) 

Sulfuric 

Anhydride 

(SO3) 

Loss  on 
Ignition 

Insoluble 

Residue 

Series  156 

A . 

20.89 

22.32 

21.32 
22.58 

9.58 

10.27 

2.24 

1.88 

0.66 

3.65 

1.58 

2.06 

B  . 

0* . 

0.34 

C . 

1.91 

1.33 

0.15 

D . 

6.74 

1.76 

2.96 

0.26 

1.21 

2.72 

0.44 

Series  158 


Laboratory . 

21.11 

19.42 

21.08 

20.96 

20.52 

9.38 

10.74 

61.95 

2.68 

2.25 

1.76 

1.43 

4.04 

1.78 

1.53 

2.16 

0.40 

B . 

2.75 

0.26 

C . 

10.63 

2.72 

1.97 

0.38 

D . 

1.54 

2.15 

0.18 

1.45 

2.32 

0.20 

Series  188 


Laboratory . 


22.42 


9.17 


62.10 


2.71 


1.82 


1.15 


0.18 
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Admixture,  Percent  by  Weight  of  Cement. 

Fig.  1. — Effect  of  Type  of  Admixture  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room. 

Mix  1  :  5.2  by  volume;  relative  consistency  1.00. 

Each  value  is  the  average  of  from  4  to  10  tests  made  on  different  days. 

Data  from  Table  I;  curves  for  3  months  and  1  year  omitted. 
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Chlorine  ,  Per  cent  by  Weight  of  Cement. 

Fig.  2. — Effect  of  Type  of  Admixture  on  the  Strength  of  Concrete 

Same  data  as  in  Fig.  1,  except  admixture  expressed  in  terms  of  chlorine  content. 

Data  from  Table  I;  curves  for  3  months  and  1  year  omitted. 


Compressive  Strength,  lb.  per  sq.  in. 
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Calcium  Chloride,  Percent  by  Weight  of  Cement. 

Fig.  3. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as  Influenced 

by  Mix. 

Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Calcium  chloride  B  was  used. 

Data  from  Table  III. 
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Cement,  Percent  by  Volume  of  Concrete. 

Fig.  4. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as  Influenced 

by  Mix. 

Strength- ratios  from  Table  III  for  2  per  cent  calcium  chloride  B. 

Same  data  used  in  Fig.  3. 

Strength-ratios  are  percentages  of  strength  of  concrete  at  same  age  without  calcium  chloride. 
Curve  for  1  year  omitted. 
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Gatcium  Chloride,  Percent  by  Weight  of  Cement. 

Fig.  5. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as  Influenced  by 

Consistency. 

Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room. 

Mix  1:  5.2  by  volume. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Data  from  Table  IV. 
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Water- Ratio  to  Votume  of  Cement  ~  —  ~X. 

c 


Fig.  6. — Water-Ratio-Strength  Relation  for  Concrete. 

Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room. 

Data  plotted  for  “plain”  concrete  and  concrete  containing  2  per  cent  of  calcium  chloride  B. 
Data  from  Tables  III,  IV  and  XII. 


1.30 
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Calcium  Chloride,  Percent  by  Weight  of  Cement. 

Fig.  7. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as  Influenced  by 

Condition  of  Curing. 

Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Mix  1:  5.2  by  volume;  relative  consistency  1.00. 

In  general,  each  value  is  the  average  of  9  tests  made  on  different  days. 

Calcium  chloride  B  was  used. 

Data  from  Table  V. 
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Age  at  Test. 

Fig.  8. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as  Influenced  by 

Condition  of  Curing 


Age  plotted  to  logarithmic  scale. 

Strength-ratios  from  Table  V  for  2  per  cent  calcium  chloride  B. 

Same  data  used  in  Fig.  7. 

Strength-ratios  are  percentages  of  strength  of  concrete  at  same  age  without  calcium  chloride. 


Compressive  Strength,  lb.  per  sq.  in. 
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Fig.  9. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as  Influenced  by 

Condition  of  Curing. 

Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room  for  period  indicated  and 
remainder  in  air. 

Age  plotted  to  logarithmic  scale. 

Mix  1:5.2  by  volume;  relative  consistency  1.00. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Calcium  chloride  B  was  used . 

Data  from  Tab'e  VI . 


2^  years 
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Fig.  10. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as  Influenced  by- 

Condi  tion  of  Curing. 


Age  plotted  to  logarithmic  scale. 

Same  data  used  in  Fig.  9. 

Increase  in  strength  shown  for  2  per  cent  calcium  chloride  B. 
Data  from  Table  VI. 


Increase  in  Strength  ?  lb.  per  sq  in. 
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Fig.  11. — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as  Influenced  by 

Brand  of  Cement. 


Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room. 
Age  plotted  to  logarithmic  scale. 

Mix  1:5.2  by  volume;  relative  consistency  1.00. 

Calcium  chloride  B  was  used. 

Data  from  Table  VII, 


Compressive  Strength,  lb  per  sq.  in. 
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Fig.  12. — Effect  of  Age  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room. 

Age  plotted  to  logarithmic  scale. 

Relative  consistency  1.00. 

Calcium  chloride  B  was  used. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Data  from  Table  III;  compare  Figs.  13,  14,  and  15. 
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Fig.  13. — Effect  of  Age  on  the  Strength  of  Concrete. 

Compression  tests  of  6  by  12-in  concrete  cylinders  cured  in  moist  room. 

Age  plotted  to  logarithmic  scale. 

Mix  1:  5.2  by  volume. 

Calcium  chloride  B  was  used. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Data  from  Table  IV;  compare  Figs.  12,  14,  and  15. 


3  years 
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Fig.  14, — Effect  of  Calcium  Chloride  on  the  Strength  of  Concrete  as  Influenced  by 

Age  at  Test. 


Compression  tests  of  6  by  12-in.  concrete  cylinders  curel  in  moist  room. 
Age  plotted  to  logarithmic  scale. 

Calcium  chloride  B  was  used. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 

Data  from  Tables  III  and  IV;  compare  Figs.  12,  13  and  15. 


3  years 
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Fig.  15. — Effect  of  Different  Admixtures  on  the  Strength  of  Concrete  as  Influenced 

by  Age  at  Test. 

Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room. 

Age  plotted  to  logarithmic  scale. 

Mix  1:5.2;  relative  consistency  1.00. 

Each  value  is  the  average  of  4  to  10  tests  made  on  different  days. 

Data  from  Table  I;  compare  Figs.  12,  13,  14  and  16. 


3  years 
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•Tests  of  Concrete  Made  and  Cured  at  Low  Temperatures. 


Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Age  potted  to  logarithmic  scale. 

Mix  1:5  by  volume;  relative  consistency  1.25. 

Calcium  chloride  A  was  used. 

Each  value  is  the  average  of  6  tests  made  on  different  days 
Data  from  Table  IX. 

Curve  S  repeated  on  each  diagram  for  comparison. 
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“Notes  on  Retardation  of  Setting  of  Portland  Cement,”  by  Nihoul  and 
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September  22,  1906.  Chem.  Zeitung,  Vol.  30,  p.  444,  1906.  Journal,  Soc. 
Chemical  Ind.,  Vol.  26,  p.  19,  1907. 

Maximum  retardation  produced  with  2  per  cent  solution  of  calcium  chloride  and 
6  per  cent  magnesium  chloride. 

“Etude  Experimentale  du  Ciment  Arme,”  by  R.  Feret,  Published  by 
Gauthier-Villars,  Paris,  1906,  p.  651. 

Gaging  with  dilute  and  concentrated  calcium  chloride  on  strength  of  concrete 
studied.  Nature  of  gaging  water  had  little  effect  on  strength. 

“Prevention  of  Freezing  of  Concrete  by  Calcium  Chloride,”  by  R.  K. 
Meade,  Engineering  Record ,  April  20,  1907. 

“Calcium  Chloride  in  Cement,”  Cement  Age,  Vol.  5,  p.  130,  1907. 

“Influence  of  Electrolytes  on  Setting  of  Portland  Cement,”  by  P.  Rohland, 
Stahl  und  Eisen,  Vol.  28,  p.  1815,  1908.  Journal,  Soc.  Chemical  Ind.,  Vol.  28, 
p.  23,  1909. 

Small  amount  of  calcium  chloride  retards;  large  amount  accelerates. 

“Influence  of  Gypsum  and  Chloride  of  Calcium  on  Setting  Time  of  Port¬ 
land  Cement,”  by  R.  C.  Carpenter,  Concrete  and  Const.  Eng.,  1908.  Abstract, 
Engineering  Digest,  Vol.  3,  p.  385,  1908.  Chemical  Abstracts ,  Vol.  2,  p.  1609, 

1908. 

“Influence  of  Calcium  Sulfate  and  Calcium  Chloride  on  Portland 
Cement,”  by  Spiegelberg,  Proceedings,  German  Portland  Cement  Mfrs.,  p.  286, 

1909.  Tonindustrie  Zeitung,  Vol.  33,  p.  1289,  1909.  Journal,  Soc.  Chemical 
Ind.,  Vol.  28,  p.  1131,  1909.  Chemical  Abstracts,  Vol.  3,  p.  3004,  1909. 

Effect  varies  with  composition  and  general  properties  of  the  cement. 

“Results  of  Tests  on  Influence  of  Calcium  Chloride  on  Mortar,”  by  H.  S. 
Spackman,  Rev.  Mat.  de  Const,  et  Trav.  Pub.,  March,  1910. 

“Effect  of  Calcium  Chloride  on  Portland  Cement,”  by  H.  Burchartz, 
Mitteilungen  a.  d.  kgl.  Versuchsanstalten  zu  Berlin,  Vol.  28,  p.  338,  1910. 
Journal ,  Soc. 'Chemical  Ind.,  Vol.  29,  p.  108,  1910. 

Small  addition  retards  set;  large  amount  accelerates.  Four  samples  which 
were  mixed  with  20  per  cent  of  the  salt  failed  in  soundness. 

“Use  of  MgS04  and  Other  Soluble  Salts  in  Cement  Mortar,”  by  A.  B. 
Pacini  (Metamorphism  of  Portland  Cement),  Annals,  New  York  Acad.  Sci., 
Vol.  22,  p.  199,  1912. 

“Influence  of  Calcium  Chloride  and  Hydrochloric  Acid  on  Portland  Cement 
Clinker,”  by  N.  Achsharamov,  Rigasche  Ind.  Zeitung.,  p.  52,  1912.  Chemical 
Abstracts,  Vol.  6,  p.  2987,  1912. 

Calcium  chloride  accelerates  hardening  and  increases  strength;  recommended 
for  sea  water  construction. 

“Influence  of  Solutions  of  Lime  Salts  on  Cement,”  by  0.  Kallauner,  Chem. 
Listy.,  Vol.  7,  p.  89,  1913.  Chem.  Zeitung,  Vol.  37,  p.  448,  1913.  Chemical 
Abstracts,  Vol.  7,  p.  3651,  1913. 

Calcium  chloride  caused  softening  of  cement  after  28  days  and  corrosion  after 
90  days. 
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“Viscosity  of  Calcium  Chloride  Solutions,”  by  F.  Simeon,  Phil.  Mag., 
Vol.  27,  p.  95,  1913. 

“Effect  of  Sodium  Chloride  and  Calcium  Chloride  on  Strength  of  Con¬ 
crete,”  Engineering  Record,  Vol.  68,  p.  466,  1913. 

“Effect  of  Calcium  Salts  on  Portland  Cement,”  by  0.  Kallauner,  Proceed¬ 
ings ,  German  Portland  Cement  Mfrs.,  Vol.  3,  p.  213,  1914.  Zeilschriji 
Betonbau,  No.  2,  1914.  Chemical  Abstracts ,  Vol.  8,  p.  2236,  1914. 

Decreases  strength;  concludes  that  all  soluble  calcium  salts  decompose  cement. 

“Calcium  Chloride  Hastens  Setting  of  Concrete,”  by  R.  J.  Wig,  Engineering 
Record ,  Vol.  74,  p.  266,  1916. 

Shows  the  effect  of  various  salt  additions  on  strength  of  1 : 3  mortar. 

“Calcium  Chloride  to  Accelerate  Hardening,”  Concrete,  Vol.  9,  p.  28, 
July,  1916. 

“Some  Generalizations  on  Influence  of  Substances  on  Cement  and  Con 
crete,”  by  J.  C.  Witt,  Philippine  Journal  Sci.,  Vol.  13,  January,  1918. 

“Effect  of  Calcium  Chloride  on  Concrete,”  Annual  Report,  New  York 
Commissioner  of  Highways,  p.  61,  1918.  Abstract,  Engineering  News-Record. , 
Vol.  82,  p.  1259,  June  26,  1919.  Abstract,  Good  Roads,  July  9,  1919. 

“Influence  of  Calcium  Chloride  on  the  Hardening  of  Concrete,”  Rev.  Mat 
de  Const,  et  Trav.  Pub.,  p.  337,  December,  1919. 

“Effect  of  Calcium  Chloride  and  Sodium  Chloride  on  Strength  of  Concrete,” 
by  Pulver  and  Johnson,  Johnson’s  “Materials  of  Construction,”  by  Withey 
and  Aston,  p.  498,  1919. 

Compression  tests  on  4-in.  cubes  at  ages  of  14,  60  and  360  days  at  room  temper¬ 
ature  and  at  freezing  temperatures;  calcium  chloride  increased  strength. 

“Effect  of  Calcium  Chloride  on  Steel,”  Engineering  News-Record,  Vol.  84, 
p.  973,  1920. 

“Tests  Show  More  Strength,  Less  Absorption,”  Concrete,  p.  162,  March, 
1920. 

Tests  using  Vitriflux  (solution  of  calcium  chloride). 

“‘Cal’  to  Increase  Rate  of  Hardening  of  Concrete,”  Concrete  (CMS),  p.  79, 
March,  1920. 

“Cal”  is  an  oxychloride  of  calcium.  Tests  made  by  U.  S.  Bureau  of  Standards 

“Further  discussion  of  ‘Cal’  ”  by  S.  W.  Stratton,  Concrete  (CMS),  p.  55, 
October,  1920. 

“Effects  of  ‘Cal’  as  an  Accelerator  of  the  Hardening  of  Portland  Cement,” 
by  R.  N.  Young,  U.  S.  Bureau  of  Standards  Technologic  Paper  No.  174,  October 
11,  1920.  Abstract,  Public  Works,  Vol.  50,  p.  278,  April  2,  1921. 

Value  of  material  investigated  and  results  given. 

“Effect  of  Cal  on  Corrosion,”  by  J.  C.  Witt,  Concrete  (CMS),  p.  154,  Feb¬ 
ruary,  1921. 
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“Effect  of  Cal  Under  Rapid  Drying  Conditions,”  by  J.  R.  Lapham,  Con¬ 
crete,  Vol.  18,  p.  287,  June,  1921. 

“Influence  of  Calcium  Chloride  on  Tensile  and  Compressive  Strength  of 
Portland  Cement,”  by  C.  R.  Platzmann,  Zement,  Vol.  10,  p.  499,  October  6, 
1921.  Abstract,  Chimie  et  Industrie,  Vol.  7,  p.  943,  May,  1922.  Chemical 
Abstracts,  Vol.  16,  p.  2586,  1922. 

“  Industrial  Chemistry  Problem  Relative  to  Treatment  of  Cement  (Influence 
of  Addition  of  Calcium  Chloride  on  Strength  of  Portland  Cement),”  by  C.  R. 
Platzmann,  Zement ,  Vol.  11,  pp.  137,  151,  1922.  Chimie  et  Industrie ,  Vol.  8, 
p.  614,  1922.  Chemical  Abstracts ,  Vol.  16,  p.  4318,  1922. 

Calcium  chloride  (2.4  to'  5  per  cent)  added  to  mixing  water  to  hasten  setting 
and  prevent  shrinkage.  Tensile  and  compressive  strengths  tabulated  with  different 
percentages  of  CaCl2.  Increased  constancy  of  volume  and  generation  of  heat  during 
setting.  Concrete  containing  calcium  chloride  less  readily  attacked  by  gases  which 
in  presence  of  water  form  H2S03  and  H2SOj. 

“Calcium  Chloride  and  Cement,”  by  F.  Killig,  Zement,  Nos.  45  to  48,  1922. 
Chem.  Zentr.,  Vol.  94,  p.  462,  1923. 

Use  of  calcium  chloride  up  to  7  per  cent  added  to  cement  in  mixing  water  superior 
to  grinding  with  cement. 

“Calcium  Chloride  in  Concrete  Highway  Construction,”  by  Piepmeier 
and  Clemmer,  Engineering  News-Record,  Vol.  88,  p.  409,  March  9,  1922. 

Laboratory  and  field  tests  indicate  accelerated  setting  and  more  economical 
curing  method  than  usual  practice. 

“Calcium  Chloride  in  Concrete,”  Concrete,  Vol.  20,  p.  176,  April,  1922. 

Reduces  time  of  set  and  may  prevent  freezing  before  setting.  Not  recommended 
in  reinforced  concrete  exposed  to  extreme  moisture. 

“Use  of  Calcium  Chloride  as  Protection  Against  Freezing  of  Concrete,” 
by  Cottringer  and  Kendall,  Concrete,  p.  150,  April,  1923. 

Tests  made  by  Dow  Chemical  Co.,  Midland,  Mich. 

“Comparative  Bonding  Strength  of  Portland  Cement  Morfar,”  by  J.  R. 
Lapham,  Pamphlet  by  Cal  Chemical  Co.,  Hagerstown,  Md. 

“How  to  Cure  Concrete,”  Booklet  published  by  Dow  Chemical  Co.,  1923. 

Use  of  “Dowflake”  calcium  chloride,  economies,  method  of  patching,  quantity, 
application,  etc. 

“Strength  of  Cal  Mortar  in  Laying  Brick  Work,”  Concrete,  Vol.  22,  p.  231, 
June,  1923. 

Tensile,  compressive,  and  bond  tests  of  mortar,  using  Hytex  brick  with  5  per  cent 
Cal  added  to  mortar.  Increase  in  strength  found  over  mortar  without  Cal. 

“Effect  of  Accelerators  on  Reinforcing  Steel,”  Engineering  and  Contracting, 
Vol.  60,  p.  202,  July  25,  1923.  * 

Steel  in  1:2:4  concrete  and  1 : 3  mortar  specimens  examined  by  the  U.  S.  Bureau 
of  Standards  after  outdoor  storage  for  5  or  6  years.  Tests  also  made  using  metal 
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lath  in  slabs.  Corrosion  of  metal  due  to  calcium  chloride  was  not  serious  nor  of 
progressive  nature  when  metal  was  completely  embedded.  Pockets  near  reinforcing 
should  be  avoided. 

“Report  of  Cooperative  Series  of  Tests  on  Accelerators,”  Proceedings , 
Am.  Soc.  Testing  Mats.,  Vol.  23,  Part  I,  p.  223  (1923).  Abstract,  Engineering 
and  Contracting,  Vol.  60,  p.  358,  August  22,  1923. 

Tests  made  using  different  accelerators,  by  U.  S.  Bureau  of  Standards,  Lehigh 
Portland  Cement  Co.,  City  of  Philadelphia,  Lewis  Institute,  Hydro-Electric  Power 
Commission,  Pennsylvania  State  Highway  Commission,  Delaware  State  Highway 
Commission,  and  New  Jersey  State  Highway  Commission. 

“Effect  of  Curing  Methods  on  Concrete  Roads,”  by  H.  J.  Kuelling,  Engi¬ 
neering  News-Record,  Vol.  91,  p.  466,  September  20,  1923. 

Tests  of  methods  of  curing  road  slabs  to  determine  effects  on  wear  and  transverse 
strength.  Coverings  of  sodium  silicate,  calcium  chloride,  hay,  straw,  and  dirt  used. 

“Twelve-Hour  Compressive  Strength  Tests,”  Municipal  Improvements 
(Canada  Cement  Co.,  Montreal),  p.  24,  July,  1923. 

Results  of  tests  on  1 : 1  to  1 : 3  standard  sand  mortars,  with  and  without  calcium 
chloride  up  to  5  per  cent  by  weight  of  cement,  and  different  temperatures  of  mixing 
water. 

“An  Investigation  in  the  Use  of  Calcium  Chloride  as  a  Curing  Agent  and 
Accelerator  of  Concrete,”  by  H.  F.  Clemmer  and  Fred  Burggraf,  Proceedings, 
Am.  Soc.  Testing  Mats.,  Vol.  23,  Part  II,  p.  296  (1923).  Engineering  News- 
Record,  Vol.  91,  p.  143,  1923. 

Over  500  slabs,  30  by  12  by  8  in.,  and  6  by  12-in.  cylinders  made  of  1:2:3, 
concrete  cured  in  various  ways.  Slabs  cured  by  spreading  1  to  3  lb.  of  dry  calcium 
chloride  per  square  yard  had  higher  modulus  of  rupture  than  ordinary  curing  which 
enables  use  of  concrete  sooner  than  ordinarily ;  lumps  detrimental.  Illinois  Highway 
Specifications  require  2  \  lb.  of  calcium  chloride  flakes  spread  uniformly  on  each  square 
yard  6  to  8  hours  after  concrete  is  laid.  Solution  of  calcium  chloride  not  sufficient; 
materials  must  not  be  applied  during  rain,  but  rain  2  or  3  hours  after  application 
will  do  no  harm.  Calcium  chloride,  not  more  than  2  per  cent  by  weight  of  cement, 
may  be  dissolved  in  mixing  water  for  use  in  cold  weather,  but  is  not  to  be  used  in 
reinforced  concrete,  nor  near  electric  railroad  crossing. 

’  “Devices  for  Application  of  Calcium  Chloride  in  Road  Work,”  Engineering 
and  Contracting,  Vol.  61,  p.  226,  1924. 

Describes  two  devices  for  spreading  calcium  chloride. 
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This  paper  was  originally  published  in  the  Copyrighted  Pro¬ 
ceedings  of  the  American  Society  for  Testing  Materials,  Vol.  24, 
Part  II,  1924.  The  discussion  which  appears  in  the  Proceedings 
has  been  omitted. 

In  Tables  1  and  4,  1-year  tests  have  been  added  since  the  pub¬ 
lication  of  this  report  by  the  A.S.T.M.  No  changes  in  the  general 
conclusions  were  necessary  due  to  the  addition  of  the  1-year  tests. 

Acknowledgment  is  made  to  the  Society  for  permission  to  reprint 
the  paper  in  bulletin  form. 


EFFECT  OF  END  CONDITION  OF  CYLINDER  ON 
COMPRESSIVE  STRENGTH  OF  CONCRETE 

By  Harrison  F.  Gonnerman 

Summary  and  Conclusions 

Compression  tests  were  made  at  7  and  28  days,  3  months  and  1 
year  on  about  3000  6  by  12-in.  concrete  cylinders  in  a  study  of  the 
influence  of  the  following  factors  on  the  reliability  of  the  test  results: 

(a)  Position  of  spherical  bearing  block; 

(b)  Deflection  of  table  of  testing  machine; 

( c )  Material  used  for  capping; 

(d)  Condition  of  capping; 

( e )  Molding  with  uneven  base  and  cover  plates; 

(J)  Inclination  of  axis,  and  top  surface. 

The  cylinders  were  made  from  1:7,  1:5,  1:3§  and  1:2  concrete 
mixed  to  a  relative  consistency  of  1.10;  for  a  few  conditions,  tests 
were  made  on  the  1 :  3|  mix  using  relative  consistencies  0.90  to  2.00. 

The  data  of  the  tests  were  compared  and  the  relative  value  of  the 
different  methods  of  testing  or  capping  was  judged  principally  by  the 
ratio  of  the  strength  obtained  for  a  given  method  of  test  to  that 
obtained  for  the  standard  method.  The  mean  variation  of  the  tests 
was  used  as  a  measure  of  the  uniformity  of  the  different  methods. 

The  principal  conclusions  from  the  tests  are: 

1.  The  standard  method  of  molding  and  capping  concrete  cylin¬ 
ders  with  machined  base  and  cover  plates  gave  uniformly  high  strength 
equal  to  or  greater  than  that  from  any  of  the  other  methods. 

2.  Deflection  of  the  table  of  the  testing  machine  used  was  small 
and  had  practically  no  effect  on  the  test  results. 

3.  For  reliable  results  the  use  of  the  adjustable  block  with  spheri¬ 
cal  bearing  surfaces  was  found  to  be  essential.  A  spherical  bearing 
block  with  hardened  steel  balls  between  the  spherical  surfaces  gave 
essentially  the  same  results  as  the  plain  spherical  block. 

4.  No  difference  in  results  was  found  when  spherical  bearing 
blocks  were  used  in  the  following  positions: 

(a)  On  top  of  cylinder; 

( b )  Inverted  on  top  of  cylinder; 

(c)  Beneath  the  cylinder; 

(d)  Both  on  top  and  beneath  the  cylinder. 
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5.  Small  errors  (f  in.  or  less)  in  centering  the  bearing  block  on 
the  cylinder  had  little  or  no  effect  on  the  test  results.  An  error  of 
\  in.  in  setting,  gave  stren^lh-ratios  of  about  90  per  cent  for  1:5 
and  1 :3|  concrete. 

6.  Cylinders  molded  on  a  plane  cast-iron  base  and  with  top 
trowelled  smooth,  showed  the  following  results  when  tested  as  indi¬ 
cated  : 

(a)  With  thin  caps  of  gypsum  or  mixtures  of  cement  and  gypsum, 
the  results  were  essentially  the  same  as  those  obtained  for  the  standard 
method  of  capping. 

(b)  Without  bedding,  the  strength-ratios  obtained  were  about 
95  per  cent  for  1:7  concrete,  94  per  cent  for  1:5  concrete  and  80  per 
cent  for  1 :3|  concrete. 

(c)  With  sheet  materials  between  top  of  cylinder  and  the  spherical 
block,  the  strength-ratios  obtained  were  less  than  100  per  cent  for  all 
of  the  materials  used. 

(i d )  For  the  sheet  materials,  the  best  results  were  obtained  with 
Beaver  Board,  which  gave  strength-ratios  of  about  100  per  cent  for 
1:7  and  1:5  concrete  and  about  90  per  cent  for  1:3^  concrete. 

(< e )  For  white -pine  board,  mill  board  and  leather,  the  strength- 
ratios  ranged  between  those  found  for  Beaver  Board  and  those  found 
for  no  bedding  (see  ( b )  above) . 

(/)  For  the  other  sheet  materials,  blotting  paper,  sheet  lead  and 
rubber,  the  strength-ratios  were  less  than  those  found  for  no  bedding. 

(g)  The  lowest  strength-ratios  were  found  for  the  y^-in.  sheet 
rubber;  they  were  about  80  per  cent  for  1:7,  70  per  cent  for  1:5  and 
50  per  cent  for  1:3|  concrete. 

7.  Cylinders  made  and  capped  by  the  standard  method,  tested 
with  a  |-in.  segment  (circular  segment  of  |-in.  mid-ordinate)  of  the 
cap  removed,  gave  strength-ratios  slightly  less  than  100  per  cent. 
When  a  1-in.  segment  was  removed  the  strength-ratios  obtained 
were  100  per  cent  for  1 :7  concrete,  about  95  per  cent  for  1 :5  concrete 
and  90  per  cent  for  1 :3|  concrete.  The  removal  of  a  2-in.  segment 
gave  strength-ratios  of  90,  80,  and  65  for  the  three  concretes. 

When  the  segments  removed  were  replaced  with  1 : 1  gypsum 
and  cement  mortar  3  hours  before  test,  the  strength-ratios  were  about 
100  per  cent  except  for  the  2-in.  segment,  which  showed  strength- 
ratios  of  from  95  to  90  per  cent. 

8.  Cylinders  with  plane  parallel  ends  but  with  axes  inclined, 
gave  the  same  strength  as  standard  cylinders  for  an  inclination  of 
\  in.  in  12  in.  and  strength-ratios  of  about  92  per  cent  for  an  inclina¬ 
tion  of  |  in.  in  12  in. 
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9.  Cylinders  with  the  top  surface  inclined  showed  strength- 
ratios  of  about  100  per  cent  for  an  inclination  of  \  in.  in  6  in.  and  of 
about  95  per  cent  for  an  inclination  of  |  in.  in  6  in. 

10.  Cylinders  molded  with  machined  cast-iron  plates  so  as  to 
give  convex  ends  and  tested  without  bedding,  gave  pronounced  reduc¬ 
tions  in  strength  even  for  a  small  amount  of  convexity.  The  reduc¬ 
tion  in  strength  increased  with  increase  in  convexity  and  with  increase 
in  the  richness  of  the  mix. 

For  a  convexity  of  0.01  in.  the  1 :  3|  and  1 :2  mixes  showed  strength- 
ratios  of  about  65  per  cent  and  for  a  convexity  of  0.05  in.,  about  40 
per  cent.  For  the  1:7  and  1:5  mixes  the  corresponding  strength- 
ratios  were  about  80  and  55  per  cent. 

When  tested  with  Beaver  Board  sheets  at  both  top  and  bottom, 
the  reductions  in  strength  were  about  half  as  great  as  when  tested 
without  bedding. 

The  use  of  gypsum  bedding  for  one  group  of  cylinders  with  bases 
convex  0.05  in.  gave  strength-ratios  of  about  90  per  cent. 

11.  The  effect  of  concave  ends  was  small  compared  to  that  of 
convex  ends. 

12.  Sheared  steel  plates  8  in.  square  by  l  in.  thick,  from  ware¬ 
house  stock,  showed  deviations  from  a  true  plane  of  as  much  as  0.012 
in.  Cylinders  molded  with  these  plates  as  bases  and  covers  so  as  to 
give  convex  ends,  gave  results  comparable  with  those  from  cylinders 
having  the  same  convexity  similarly  made  with  machined  cast-iron 
plates  (see  10  above). 

13.  Tests  with  concrete  of  different  consistencies  using  cylinders 
with  ends  convex  about  0.01  in.  showed  similar  results  for  all  con¬ 
sistencies.  The  typical  relation  of  strength  to  water-cement  ratio 
was  found. 

14.  The  different  conditions  of  test  did  not  show  a  marked  differ¬ 
ence  in  the  uniformity  of  the  individual  results.  The  average  mean 
variation  of  the  28-day  tests  ranged  from  4.1  per  cent  for  one  group 
of  the  standards  to  a  maximum  of  10.9  per  cent  for  the  cylinders 
tested  without  an  adjustable  bearing  block. 

15.  Finally,  the  most  important  conclusion  from  these  tests  is 
that  great  care  must  be  exercised  when  preparing  cylinders  for 
test  in  order  to  secure  ends  which  are  true  planes.  When  the  standard 
method  of  capping  with  plane  cover  plates  cannot,  be  followed,  the 
cylinder  should  be  trowelled  smooth  and  bedded  with  a  thin  layer 
of  gypsum  or  a  mixture  of  gypsum  and  cement  3  to  6  hours  before 
test.  The  cylinders  should  always  be  molded  on  a  plane  surface. 
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By  Harrison  F.  Gonnerman 
Introduction 

In  making  compression  tests  of  concrete  it  has  long  been  recog¬ 
nized  by  testing  engineers  that  proper  capping  or  bedding  of  the 
ends  of  the  test  cylinders  is  of  prime  importance.  Experience  and 
tests  have  shown  that  without  a  certain  degree  of  care  and  uniform¬ 
ity  in  preparing  the  ends,  the  results  will  show  considerable  variation 
among  themselves  and  may  not  be  truly  indicative  of  the  strength 
of  the  concrete.  The  general  adoption  by  testing  laboratories  of 
the  methods  of  making  and  testing  concrete  specimens  recommended 
in  the  “Standard  Methods  of  Making  and  Storing  Specimens  of 
Concrete  in  the  Field”  (Serial  Designation:  C  31  -21)1  and  in  the 
“Tentative  Methods  of  Making  Compression  Tests  of  Concrete” 
(Serial  Designation:  C  39-21  T),2  of  the  American  Society  for 
Testing  Materials  has  tended  toward  greater  uniformity  in  test  results. 
However,  facilities  are  not  always  available  nor  conditions  favorable 
for  carrying  out  the  recommendations  in  complete  detail,  and  as  there 
is  an  increasing  demand  for  the  testing  of  field  concrete,  it  has  seemed 
of  sufficient  importance  to  warrant  the  further  investigation  of 
methods  of  preparing  cylinders  for  test  which  will  insure  reliable 
results  without  undue  delay  or  expense. 

The  tests  described  in  this  paper  were  carried  out  primarily  to 
determine  the  influence  of  uneven  end  surfaces  and  of  different 
methods  of  capping  on  the  reliability  of  compression  tests  of  6  by 
12-in.  concrete  cylinders.  Studies  were  also  made  of  the  effect  of 
such  factors  as  the  deflection  of  the  bed  of  the  testing  machine  and  the 
use  of  spherical  bearing  blocks  in  different  positions. 

About  3000  cylinders  of  four  different  mixes  of  concrete  were 
used  in  the  investigation. 

These  tests  form  a  part  of  the  experimental  studies  of  concrete 
and  concrete  materials  being  carried  out  at  the  Structural  Materials 
Research  Laboratory  through  the  cooperation  of  Lewis  Institute  and 
the  Portland  Cement  Association. 

1  1924  Book  of  A.S.T.M.  Standards,  p.  762. 

2  1923  Book  of  A.S.T.M.  Tentative  Standards,  p.  300. 
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Outline  of  Tests 

Two  series  of  tests  were  carried  out  for  the  purpose  of  studying 
the  influence  of  the  following  factors  on  the  reliability  of  test  results: 

(a)  Position  of  spherical  bearing  blocks; 

(b)  Deflection  of  table  of  testing  machine; 

(c)  Material  used  for  capping; 

(d)  Condition  of  capping; 

(e)  Molding  with  uneven  base  and  cover  plates; 

(/)  Inclination  of  axis,  and  top  surface. 

The  first  (Series  179)  comprised  compression  tests  of  about  2100 
6  by  12-in.  concrete  cylinders  in  which  a  range  of  mixes  was  selected 
that  would  include  concrete  of  the  quality  ordinarily  employed  in 
construction  work.  The  concrete  mixes  used  (1:7,  1:5,  1:3§)  were 
all  of  relative  consistency  1.10  and  the  cylinders  were  generally 
tested  at  28  days.  For  several  of  the  methods  studied,  cylinders 
were  made  also  for  test  at  7  days,  3  months,  and  1  year. 

The  second  series  of  tests  (Series  179.4)  consisted  of  compression 
tests  on  about  900  cylinders.  Most  of  the  tests  in  this  series  were 
made  to  study  the  effect  of  unevenness  in  the  top  and  bottom  surfaces 
of  the  test  cylinder  on  the  load  carried  and  on  the  uniformity  of  the 
results.  The  use  of  a  Beaver  Board  sheet  in  overcoming  the  ill  effects 
.  of  poorly  prepared  ends  was  studied.  Further  studies  of  the  position 
of  the  bearing  block,  deflection  of  the  table  of  the  testing  machine 
and  inclination  of  the  axis  and  top  surface  of  the  cylinders  were 
made.  Four  concrete  mixes,  1:7,  1:5,  1:3§  and  1:2,  of  relative  con¬ 
sistency  1.10  were  tested;  for  a  few  conditions  tests  were  made  on 
the  1 :3^  mix  using  relative  consistencies  0.90,  1.00,  1.25,  1.50  and  2.00. 
The  cylinders  were  tested  at  28  days. 

Concrete  Materials  and  Proportions 

All  concrete  cylinders  were  made  with  portland  cement  consist¬ 
ing  of  a  mixture  of  four  brands  purchased  in  Chicago.  The  same 
cement  was  used  in  both  series;  the  neat  cement  used  for  capping 
was  from  the  same  lot.  The  results  of  chemical  analysis,  miscellaneous 
and  physical  tests  of  the  cement  are  given  in  Table  8. 

The  aggregate  for  concrete  was  sand  and  pebbles  from  Elgin,  Ill., 
graded  0  to  1§  in.  In  order  to  reduce  the  variations  in  grading  to  a 
minimum  the  aggregate  was  screened  into  four  sizes  (0  to  No.  4, 
No.  4  to  f  in.,  |  to  f  in.,  and  f  to  1^  in.)  and  recombined  to  a  prede¬ 
termined  sieve  analysis.  The  fineness  modulus  of  the  mixed  aggregate 
was  5.65. 
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The  proportions  of  cement  and  aggregate  reported  in  the  tables 
are  expressed  as  one  volume  of  cement  to  a  given  number  of  volumes 
of  dry  rodded  aggregate  mixed  as  used.  The  quantities  of  each  batch 
were  determined  by  weight. 

The  concrete  for  most  of  the  tests  was  mixed  to  a  relative  con¬ 
sistency  of  1.10  which  gave  a  flow  of  about  220  per  cent  when  measured 
by  means  of  the  flow  table  using  fifteen  f-in.  drops  in  10  seconds.1 


Test  Pieces 

The  concrete  specimens  used  in  comparing  the  various  methods 
of  testing  were  6  by  12-in.  cylinders.  Ten  cylinders  made  on  different 
days  were  used  for  each  condition  of  test.  Each  cylinder  was  made 
from  a  batch  of  about  cu.  ft.  proportioned  separately  and  mixed  by 
hand  with  a  blunted  bricklayer’s  trowel  in  a  shallow  metal  pan. 

The  concrete  cylinder  forms  were  of  cold-drawn  steel  tubing 
slotted  along  one  element.  In  making  the  cylinders,  the  forms  were 
generally  placed  on  cast-iron  plates  machined  to  a  plane  surface.  In 
the  studies  of  the  effect  of  uneven  and  dished  ends,  the  cylinders 
were  molded  on  machined  cast-iron  or  sheared  steel  plates  or  on  pine 
boards  as  indicated  in  the  tables.  In  studies  of  the  effect  of  inclining 
the  axis  and  the  top  surface  of  cylinder,  the  ends  of  the  steel  molds 
were  cut  to  give  the  desired  inclination. 

The  concrete  was  placed  in  the  forms  in  3  layers,  each  layer  being 
rodded  30  times  with  a  f-in.  bullet-pointed  steel  rod.  After  molding, 
the  specimens  were  capped  as  described  below. 

All  concrete  specimens  were  cured  in  a  room  the  air  of  which 
was  saturated  with  moisture  and  in  which  a  uniform  temperature  of 
about  70°  F.  was  maintained.  Three  days  prior  to  test,  the  cylinders 
were  removed  from  the  moist  room  and  cured  in  the  air  of  the  labora¬ 
tory.  Most  of  the  tests  were  made  at  the  age  of  28  days.  For  a  few 
conditions  specimens  were  also  made  for  test  at  7  days,  3  months  and 
1  year. 

Methods  of  Capping  and  Preparing  Cylinders  for  Test. — The 
standard  method  of  capping  the  cylinders  was  as  follows :  2  to  6  hours 
after  molding,  a  fairly  stiff  neat  cement  paste,  which  had  been  mixed 
previously  and  allowed  to  stand  from  2  to  6  hours,  was  placed  on  the 
top  of  the  cylinder.  This  paste  was  covered  with  a  machined  cast- 

1  The  dimensions  of  the  truncated  cone-shaped  metal  form  used  for  the  flow  test  were:  top  diameter 
6f  in.,  bottom  diameter  10  in.,  height,  5  in. 
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iron  plate  about  ^  in.  thick  and  8  in.  in  diameter  which  was  pressed 
down  with  a  sliding  and  turning  motion  until  it  rested  on  the  top  of 
the  cylinder  form  (see  Fig.  l).  By  allowing  the  neat  cement  paste 
to  stand  for  several  hours  before  use,  the  tendency  of  the  cap  to  shrink 
was  largely  overcome.  Adhesion  of  the  concrete  to  the  capping  plate 
and  to  the  base  plate  was  prevented  by  placing  a  sheet  of  paraffined 
tissue  paper  between  the  plate  and  the  test  specimen.  If  the  capping 
paste  became  too  stiff  before  use  a  small  quantity  of  water  was  added 
and  the  paste  remixed.  It  was  generally  not  necessary  to  add  water 
unless  the  paste  stood  for  about  6  hours. 

When  specimens  were  capped  with  gypsum  and  with  mixtures 
of  portland  cement  and  gypsum  a  small  amount  of  the  capping  material 
was  placed  on  a  planed  cast-iron  table  top  and  the  trowelled  top  of 
the  cylinder  pressed  down  upon  it  to  form  a  thin  smooth  cap.  The 
table  top  was  oiled  to  prevent  the  capping  material  from  adhering 
when  hardened.  Care  was  taken  to  keep  the  cylinder  in  a  vertical 
position  during  the  capping  operation  in  order  to  obtain  parallel  ends. 

In  a  few  tests  the  surfaces  of  the  cylinder  were  capped  in  the 
testing  machine  with  gypsum  paste  which  was  allowed  to  harden 
under  load.  The  cylinder  was  placed  in  a  bed  of  gypsum  paste  on 
the  weighing  table  of  the  machine  and  the  top  of  the  cylinder  covered 
with  paste.  The  head  of  the  testing  machine  with  a  spherical  bearing 
block  was  then  run  down  upon  the  cylinder  until  a  load  of  about 
750  lb.  (25  lb.  per  sq.  in.)  was  applied.  The  load  was  kept  on  the 
cylinder  until  the  paste  had  hardened  for  6  hours,  when  the  test  was 
completed.  In  the  tests  where  a  plane  cast-iron  base  plate  was  used 
in  molding  the  specimens,  only  the  top  surface  of  the  cylinder  was 
capped. 

In  some  of  the  tests  the  cylinders  were  capped  in  a  manner 
similar  to  that  described  for  the  standard  method  except  that  uneven 
and  warped  cover  plates  were  used.  In  other  tests  the  tops  of  the 
cylinders  were  trowelled  to  a  smooth  surface  when  molded  and  left 
to  be  capped  at  the  time  of  test  or  to  be  tested  using  sheet  materials 
as  a  substitute  for  capping. 

For  one  set  of  specimens  (Ref.  27,  Table  2)  the  tops  were  ground 
to  a  smooth  plane  surface  in  a  surface  grinder  and  were  tested 
without  additional  capping. 

The  gypsum  used  for  capping  was  No.  1  molding  plaster  manu¬ 
factured  by  the  U.  S.  Gypsum  Co.  Data  of  compression  tests  of  the 
Portland  cement  and  gypsum  mortar  used  for  capping  are  given  in 
Table  7. 
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Sheet  Materials  as  Substitutes  for  Capping 

Eight  different  kinds  of  sheet  materials  were  used  as  substitutes 
for  neat  cement  and  gypsum  capping  to  determine  to  what  extent 
they  would  minimize  the  ill  effects  of  poorly  prepared  ends.  The 
sheet  materials  were  cut  into  pieces  about  7  in.  square  and  were 
placed  between  the  surface  of  the  cylinder  and  the  spherical  block 
or  the  bottom  bearing  plate. 

The  materials  used  were: 

Beaver  Board. — A  commercial  wall  board  re  in.  thick;  manufactured  by 
The^Beaver  Board  Companies,  Thorold,  Ontario,  Canada. 

Blotting  Paper. — A  cotton  blotting  paper  ^  in.  thick. 

Cork  Carpet. — No.  2  Armstrong  Carpet  in.  thick;  manufactured  by  the 
Armstrong  Cork  Carpet  Co.,  Lancaster,  Pa. 

Lead. — Sheet  lead  re,  I  and  \  in.  thick. 

Leather. — Oak  tan  leather,  2-ply,  in.  thick. 

Mill  Board. — 16-ply  cardboard,  fg  in.  thick. 

Rubber. — Rubber  sheeting,  -fc,  f ,  and  1  in.  thick. 

White  Pine  Board. — |  in.  thick,  planed  on  both  sides. 

Methods  of  Testing 

All  concrete  specimens  were  tested  in  a  200,000-lb.  universal 
testing  machine  except  those  for  Ref.  10  in  Table  1  which  were  tested 
in  a  300,000-lb.  machine.  Unless  otherwise  stated,  a  spherical  bear¬ 
ing  block  was  placed  on  top  of  the  cylinder  as  indicated  in  Fig.  2. 
The  bearing  block  was  designed  and  made  in  the  laboratory  shops.1 

In  tests  of  Ref.  4  and  104,  a  bearing  block,  the  spherical  surfaces 
of  which  were  separated  by  hardened  steel  balls  (see  Fig.  2)  was  used. 
In  order  to  determine  the  influence  of  the  position  of  the  spherical 
bearing  block  on  the  test  results,  cylinders  were  tested  as  follows: 

Bearing  block  on  top  of  cylinder; 

Bearing  block  beneath  cylinder; 

Bearing  blocks  both  on  top  and  beneath  cylinder; 

Bearing  block  inverted  on  top  of  cylinder; 

Bearing  block  off  center  \  and  §  in. 

One  set  of  cylinders  in  each  series  was  tested  without  a  spherical 
bearing  block. 

Except  as  indicated  in  the  tables,  the  cylinders  were  tested  on  a 
machined  steel  distributing  plate  4  by  13  by  24  in.  in  size  placed  on 
the  weighing  table  of  the  testing  machine.  The  purpose  of  this  plate 
was  to  eliminate  possible  ill  effects  resulting  from  the  deflection  of 
the  weighing  table  of  the  testing  machine,  particularly  at  loads  near 
the  capacity  of  the  machine. 

1  For  a  description  of  the  method  used  in  machining  the  spherical  bearing  surfaces  of  this  block, 
see  American  Machinist,  p.  26,  January  3,  1924. 
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Data  and  Discussion 

Standard  of  Comparison. — This  investigation  was  undertaken 
to  compare  the  reliability  of  the  results  obtained  for  several  conditions 
of  test.  In  order  that  variation  in  the  concrete  itself  might  not 
confuse  the  variations  resulting  from  the  different  conditions  used, 
it  was  important  that  the  concrete  be  of  uniform  strength.  In  the 
preparation  of  the  cylinders,  the  usual  care  was  taken  to  obtain 
uniform  materials  and  to  make  the  cylinders  in  such  a  way  that  acci¬ 
dental  errors  of  manipulation  would  be  distributed  throughout  the 
series  so  that  no  one  set  of  specimens  would  be  unduly  affected. 

For  convenience  in  reporting  and  studying  the  data,  the  basis  of 
comparison  for  each  series  of  tests  was  a  group  of  specimens  made 
and  tested  in  accordance  with  the  methods  described  in  the  “Tentative 
Methods  of  Making  Compression  Tests  of  Concrete”  (Serial  Designa¬ 
tion:  C  39-21  T)  of  the  American  Society  for  Testing  Materials, 
which  are  the  standard  practices  of  this  laboratory. 

The  cylinders  for  standard  condition  of  test  were: 

1.  Molded  on  plane,  machined  cast-iron  base  plates; 

2.  Capped  when  made;  ✓ 

3.  Capped  with  neat  cement  which  had  been  mixed  and 
allowed  to  stand  from  2  to  6  hours  before  use;  a  machined  cast- 
iron  cover  plate  was  used  to  produce  a  cap  having  a  plane  surface ; 

4.  Tested  with  spherical  bearing  block  placed  on  top  of 
specimen. 

In  the  first  series  it  was  originally  planned  to  use  the  tests  of 
the  specimens  for  Ref.  1,  Table  1,  as  the  standard  of  reference  and  to 
compare  the  results  of  other  methods  of  test  with  this  standard  by 
means  of  strength-ratios,  that  is,  the  ratio  (expressed  as  a  percentage) 
of  the  average  strength  for  a  given  method  of  test  to  the  average 
strength  for  the  standard  method.  However,  a  study  of  the  data  in 
Table  1  showed  that  several  of  the  methods  of  test  gave  strength- 
ratios  from  95  to  100  per  cent  and  that  the  mean  variations  for  these 
groups  did  not  differ  greatly  from  those  shown  for  the  standard  group. 
Furthermore,  the  variation  of  the  average  of  these  groups  from  the 
standard  was  no  greater  than  the  variations  within  the  standard 
group  itself.  From  these  considerations,  it  seemed  desirable  to 
include  in  the  group  of  specimens  forming  the  standard  of  reference 
those  values  in  Table  1  which  represented  essentially  the  same  condi¬ 
tions,  and  thus  base  the  comparisons  on  a  more  representative  number 
of  specimens.  Therefore  in  the  study  of  the  data  in  Tables  1  to  4, 
comparisons  are  based  on  the  average  of  all  tests  for  Ref.  1  to  4. 
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The  method  of  test  chosen  as  the  standard  is  one  which  has  been 
found  to  give  reliable  results.  It  permits  of  the  failure  of  the  specimen 
without  restraint  other  than  that  induced  by  the  friction  between  the 
end  surfaces  of  the  cylinder  and  the  adjacent  bearing  plates  which  in 
this  case  is  not  important  because  of  the  length  of  specimen  used. 
Such  influences  as  splitting  action  due  to  the  use  of  a  yielding  capping 
material,  eccentricity  of  load,  etc.,  are  eliminated.  This  being  true, 
it  might  be  expected  that  an  unfavorable  method  of  test,  besides 
showing  a  greater  variation  in  the  individual  results  from  the  average 
would  also  show  a  strength-ratio  of  less  than  100  per  cent.  In  the 
study  of  the  data,  therefore,  the  comparative  value  of  the  different 
methods  of  test  is  judged  by  the  reduction  in  strength,  as  indicated 
by  the  strength-ratio,  as  well  as  by  the  uniformity  of  results  as  indi¬ 
cated  by  the  mean  variation.  The  mean  variation  is  the  average 
variation  of  the  strengths  of  individual  specimens  from  the  average 
strength  of  the  group.  In  the  tables,  the  mean  variation  is  expressed 
as  a  percentage  of  the  average  strength. 

In  the  second  series  of  tests  (179^4)  comparisons  are  based  on 
the  group  of  specimens  Ref.  101  (Table  5)  originally  selected  for  this 
purpose.  The  tests  for  Ref.  103  and  104  show  the  same  close  agree¬ 
ment  noted  in  Table  1  for  similar  conditions.  The  values  for  these 
two  conditions  might  well  have  been  included  in  the  standard  of 
comparison  for  this  series,  but  their  inclusion  would  not  have  affected 
the  results  since  their  strength-ratios  and  mean  variations  are  essen¬ 
tially  the  same  as  Ref.  101. 

Influence  of  Position  of  Bearing  Blocks  and  Deflection  of  Bed 
Plates  on  Test  Results. — In  the  foregoing  discussion  it  was  pointed 
out  that  the  use  of  a  spherical  bearing  block  beneath  the  cylinder, 
both  above  and  beneath  the  cylinder,  and  a  bearing  block  the  spherical 
surfaces  of  which  were  separated  by  hardened  steel  balls  gave  essen¬ 
tially  the  same  results  as  when  a  spherical  bearing  block  was  placed 
on  top  of  the  cylinder,  and  that  the  standard  of  comparison  was  made 
to  include  the  tests  for  these  conditions.  The  equally  close  agreement 
in  the  similar  tests  in  Table  5  was  also  pointed  out. 

The  tests  in  which  the  spherical  bearing  block  was  not  used 
(Ref.  5,  Table  l)  show  a  reduction  in  strength  of  from  8  to  19  per  cent 
and  a  higher  mean  variation,  especially  for  the  stronger  concrete.  Data 
from  similar  tests  for  a  1:2  mix  in  Table  5  (Ref.  105)  show  a  reduc¬ 
tion  in  strength  of  1 8  per  cent  and  a  mean  variation  about  three  times 
that  for  the  standard  condition.  It  follows  from  these  results  that 
the  use  of  this  method  of  test  is  not  to  be  recommended. 
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The  three  groups  of  tests  (Ref.  6,  7,  and  8,  Table  l)  in  which  the 
setting  of  the  spherical  bearing  block  was  varied,  show  that  for  the 
1 : 5  concrete  tested,  placing  the  bearing  block  off  center  as  much  as 
|  in.  produced  no  noticeable  effect  on  the  strengths  or  on  the  reliability 
of  the  results.  The  strength-ratios  for  these  three  conditions  in  the 
first  series  were  100  per  cent;  the  mean  variations  were  about  the 
same  as  the  average  for  Ref.  1  to  4. 

The  tests  in  Series  179^4  (Ref.  106  and  107,  Table  5)  for  bearing 
block  off  center  |  in.  and  |  in.  showed  strength-ratios  of  only  93  and 
92  per  cent  for  the  1:5  mix  and  99  and  97  per  cent  for  the  1 :  3^  mix. 
Considering  the  limit  of  accuracy  to  be  expected,  this  is  a  fair  corrobora¬ 
tion  of  the  earlier  tests.  For  the  bearing  block  ^  in.  off  center  (Ref. 
108)  the  strength-ratios  were  90  per  cent  for  the  1:5  mix  and  92. per 
cent  for  the  1 :  3^  mix.  The  values  of  mean  variations  for  these  tests 
were  in  general  not  materially  different  from  those  for  the  standard 
of  comparison. 

In  the  studies  of  the  influence  of  deflection  of  bed  plates,  the 
deflection  of  the  plates  used  to  support  the  cylinder  and  of  the  table 
of  the  testing  machine  were  measured  for  several  of  the  tests.  The 
measured  deflections  at  loads  of  30,000,  60,000  and  125,000  lb.  which 
corresponded  to  the  total  loads  at  failure  of  cylinders  from  the  three 
grades  of  concrete  were  as  follows: 


Plate  and  Span 


Measured  Deflection  in  Inches 
Corresponding  to  Load  at 
Failure  of  Cylinder 


1:7  Mix 

1:5  Mix 

l:3j  Mix 

Table  of  testing  machine  in  span  of  32  in . 

0.008 

0.016 

0.033 

4  by  13-in.  plate,  23|-in.  span . 

0.005 

0.010 

0.021 

2§  by  8  i^-in.  plate,  16f-in.  span . 

0.007 

0.014 

0.030 

When  expressed  as  a  deflection  in  a  length  equal  to  the  width  of 
the  cylinder  the  values  for  the  richer  mixture  reduce  to  approximately 
0.003  in.  for  the  table  of  the  testing  machine  0.005  in.  for  the  4-in. 
plate  and  0.010  in.  for  the  2f-in.  plate  and  to  about  one-half  these 
values  for  the  1 : 5  mix  and  to  one-quarter  for  the  1 : 7  mix. 

While  the  results  for  the  tests  bearing  on  the  question  of  deflec¬ 
tion  of  bed  plates  (Ref.  9,  1 1  and  12)  are  not  entirely  consistent;  when 
strength-ratios  are  plotted  in  terms  of  amount  of  deflection,  an  indica¬ 
tion  of  reduced  strength  with  increased  bending  in  the  plate  is  found. 
In  Series  17921,  the  tests  without  the  distributing  plate  were  repeated 
(Ref.  102)  using  a  richer  mix  than  in  the  previous  tests.  The  data 
show  no  reduction  in  strength  for  this  mix  (1:2).  It  may  be  concluded, 
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therefore,  that  the  reliability  of  the  tests  of  the  cylinders  placed  directly 
on  the  table  of  the  testing  machine  used  is  entirely  satisfactory. 
However,  the  use  of  a  distributing  plate  or  block  is  recommended  in 
tests  of  specimens  of  high  strength  or  where  a  considerable  deflection 
in  the  bed  of  the  machine  is  known  to  exist. 

The  tests  using  the  300,000-lb.  machine  without  the  distributing 
plate  beneath  the  cylinder  (Ref.  10)  show  a  very  satisfactory  mean 
variation,  and  an  average  strength-ratio  slightly  above  normal. 

Influence  of  Capping  Materials  and  Methods  of  Capping. — Ref. 
14  to  26,  Table  2  show  the  results  of  using  different  materials  for 
capping  the  top  of  the  cylinder  at  the  time  of  test.  The  bottoms  of 
the  cylinders  for  these  tests  were  molded  to  a  true  plane  and  the  tops 
trowelled  off  level  with  the  form.  The  strength-ratios  for  these  groups 
varied  from  95  to  104  per  cent  and  no  systematic  variation  was 
apparent  for  the  different  conditions  or  mixes.  These  tests  show  that 
capping  the  top  of  the  cylinder  with  any  of  the  gypsum  or  mortar 
mixtures  in  the  manner  indicated,  produced  results  substantially 
the  same  as  the  standard  method  in  which  the  top  of  the  cylinder 
was  capped  with  neat  cement  at  the  time  of  making.  That  the  tests 
are  equal  to  the  standard  in  reliability  is  also  indicated  by  the  uni¬ 
formly  low  values  of  mean  variation. 

When  the  cylinders  with  the  trowelled  top  were  tested  without 
capping  (Ref.  13),  the  strength  was  reduced  4  to  6  per  cent  for  the 
1 : 7  and  1 : 5  mixes  and  about  20  per  cent  for  the  1 :  3^  mix,  although 
there  was  no  appreciable  increase  in  the  mean  variation  of  the  indi¬ 
vidual  results.  This  method  of  test  is  not  recommended  even  for  the 
weaker  concretes. 

When  the  top  of  the  cylinder  was  ground  to  a  smooth  surface 
(Ref.  27),  no  reduction  in  strength  was  found  and  the  average  value 
of  the  mean  variation  for  the  three  mixes  was  very  low.  This  method 
of  preparing  cylinders  for  test,  while  quite  costly  for  the  occasional 
individual  test,  might  well  prove  economical  where  a  large  number 
of  tests  are  to  be  made  on  specimens  with  irregular  ends,  such  as 
cores  drilled  from  pavements. 

Sheet  Materials  as  Substitutes  for  Capping. — Table  2  (Ref.  28 
to  39)  gives  data  of  tests  in  which  a  variety  of  sheet  materials  were 
used  between  the  top  of  the  cylinder  and  the  bearing  block  as  a  substi¬ 
tute  for  mortar  capping.  The  top  of  the  cylinder  was  trowelled  to  a 
smooth  surface  at  the  time  of  making  and  the  bottom  molded  to  a 
true  plane  by  the  use  of  a  machined  plate  under  the  form.  The 
strength-ratios  and  the  average  values  of  the  mean  variations  at  28 
days,  for  the  three  different  mixes  used  in  these  tests  are  as  follows: 
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Strength-ratio,  per  cent  of 
Average  for  Ref.  1  to  4, 

Average 

Mean 
Variation, 
per  cent 

1:7  Mix 

1:5  Mix 

1:3§  Mix 

98 

101 

91 

5.4 

92 

99 

87 

7.0 

101 

92 

81 

6.4 

96 

91 

82 

7.1 

92 

97 

77 

7.2 

95 

88 

74 

9.1 

91 

90 

74 

6.7 

89 

88 

77 

5.7 

93 

87 

70 

6.8 

81 

71 

47 

8.0 

89 

77 

65 

10.6 

93 

80 

63 

7.9 

Material 


Thickness, 


Beaver  Board . 
White  Pine. . . . 
Mill  Board. ... 

Leather . 

Blotting  Paper 

Sheet  Lead.... 

Cork  Carpet . . . 

Rubber . 


It  is  significant  that  for  all  of  the  sheet  materials  used  there  was 
a  decided  falling  off  in  strength-ratio  with  increase  in  the  richness  of 
the  mix  although  the  mean  variations  were  generally  no  greater  for 
the  richer  mixes.  The  fact  that  the  rubber  sheet  gave  the  greatest 
difference  in  results  between  the  lean  and  rich  mixes,  indicates  that 
the  cause  of  the  lower  strength  was  a  splitting  action  induced  by  the 
tendency  of  the  sheet  material  to  flow  laterally  when  under  load. 

These  tests  show  that  for  the  cylinders  of  1 : 7  and  1 : 5  mix,  with 
carefully  trowelled  tops  and  molded  plane  bases,  a  j^-in.  sheet  of 
Beaver  Board  placed  between  the  top  of  the  cylinder  and  the  spherical 
bearing  block  was  a  fairly  good  substitute  for  a  cap  of  mortar  or 
gypsum.  For  the  1 :  3§  mix,  the  results  were  not  so  satisfactory. 


Cap  Partly  Removed. — In  handling  cylinders,  it  sometimes  happens 
that  part  of  the  neat-cement  capping  is  accidentally  chipped  off.  The 
tests  in  Table  3  were  made  to  determine  how  much  of  the  capping 
might  be  removed  without  causing  an  appreciable  reduction  in 
strength.  The  data  show  that  removing  the  cap  for  a  distance  of 
\  to  f  in.  from  the  edge,  that  is,  removing  a  circular  segment  of  mid¬ 
ordinate  j  to  \  in.  produces  no  material  reduction  in  strength  nor 
change  in  mean  variation.  This  method  of  test  may  be  considered  to 
produce  an  effect  somewhat  similar  to  that  resulting  from  the  use  of 
a  spherical  bearing  block  off  center  and  the  results  show  the  same 
general  trend  as  those  obtained  with  eccentric  bearing  block. 

Where  the  cap  was  removed  for  a  distance  of  1  in.  there  was  a 
reduction  in  strength  of  about  7  per  cent  for  the  1:5  and  1 :3|  mixes; 
when  2  in.  was  removed,  the  reduction  in  strength  ranged  from  11 
per  cent  for  the  1 : 7  mix  to  34  per  cent  for  the  1 :3|  mix. 

When  the  segment  of  the  cap  was  replaced  with  mortar,  somewhat 
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better  results  were  obtained  for  both  the  1  and  2-in.  segments,  although 
for  the  latter  condition  there  still  remained  a  deficiency  in  strength 
of  from  5  to  9  per  cent. 

Influence  of  Concave  and  Convex  Ends. — Table  4  gives  results 
of  tests  of  cylinders  having  concave  and  convex  ends.  The  ends  were 
formed  by  molding  and  capping  in  the  usual  way  with  plates  machined 
to  convex  and  concave  surfaces  having  maximum  deviations  from  a 
true  plane  of  about  0.003,  0.1  and  0.2  in.  The  cylinders  were  tested 
as  the  other  pre-capped  specimens,  that  is,  with  no  bedding  of  either 
mortar  or  sheet  material.  In  Series  1794  further  tests  were  made 
to  show  the  effect  of  using  similar  plates  machined  to  give  cylinders 
with  bottoms  convex  0.01,  0.02  and  0.05  in. 

The  tops  were  trowelled  smooth.  Some  of  the  cylinders  were 
tested  as  made,  without  bedding;  others  were  tested  with  sheets  of  . 
Beaver  Board  at  both  top  and  bottom;  one  set  was  tested  using  gypsum- 
mortar  bedding  both  top  and  bottom.  Other  cylinders  were  made  in 
which  the  standard  method  of  molding  and  capping  was  followed  except 
that  |-in.  sheared  steel  plates  were  used  for  the  base  and  cover  plates. 
Field  specimens  are  sometimes  made  using  such  plates,  and  as  earlier 
tests  showed  that  small  irregularities  affected  the  results  very  mate¬ 
rially,  the  tests  using  sheared  plates  were  included.  Sheared  plates 
were  selected  some  of  which  were  approximately  true  planes,  and 
others  which  were  dished  or  warped  about  0.01  in.  Cylinders  were 
tested  both  without  bedding  and  using  Beaver  Board  sheets  both  top 
and  bottom.  Table  5  gives  the  results  of  the  tests  for  Series  179.4. 

Fig.  3  shows  data  from  both  series  plotted  with  strength-ratios 
as  ordinates  and  amount  of  convexity  or  concavity  as  abscissas. 
Curves  1  and  2,  which  give  results  of  tests  on  1:5  concrete 
from  Table  4,  were  transferred  from  a  drawing  of  smaller  scale  as 
only  one  value  fell  within  the  range  of  abscissas  covered  by  the  figure. 
Except  for  the  values  corresponding  to  0.003  in.  convexity,  which 
are  about  normal,  these  curves  show  that  convex  ends  reduce  the 
cylinder  strength  about  four  times  as  much  as  ends  which  are  concave 
a  similar  amount. 

The  results  of  tests  on  cylinders  with  convex  ends  for  different 
mixes  and  methods  of  test  are  shown  in  Table  5  (Ref.  117,  118,  119, 
123,  124  and  125).  These  data  can  be  more  easily  compared  by  the 
curves  of  Fig.  3.  Curves  3,  4,  5,  and  6  show  the  results  for  cylinders 
of  1:7,  1:5,  1:3§  and  1:2  concrete  having  molded  convex  bases  and 
trowelled  tops,  tested  without  bedding  of  either  mortar  or  sheet 
material.  Curves  7,  8,  9  and  10  show  the  results  for  similar  specimens 
tested  with  sheets  of  Beaver  Board  both  top  and  bottom. 
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It  will  be  noted  that  the  cylinder  strength  is  reduced  in  all  cases 
with  an  increase  in  the  amount  of  convexity  and  with  the  richness  of 
the  mix;  also  that  the  specimens  tested  using  the  Beaver  Board 
sheets  show  a  loss  of  strength  about  half  as  much  as  those  tested 
without  bedding. 

The  cylinders  for  Ref.  1 14  were  of  1 :3|  mix  and  had  bases  convex 
0.05  in.  and  trowelled  tops.  They  were  tested  with  gypsum  bedding 
top  and  bottom.  When  compared  with  similar  specimens  tested 
without  bedding  and  with  Beaver  Board  sheets  (Ref.  119  and  125) 
the  strength-ratios  are  as  follows: 


Kind  of  Bedding 

Strength- 
Ratio, 
per  cent 

38 

75 

90 

These  strength-ratios  show  that  while  the  gypsum  bedding  helped 
materially  it  did  not  entirely  overcome  the  effect  of  the  convex  end. 
It  should  be  noted  that  these  comparisons  are  for  rather  rich  concrete; 
for  ordinary  mixes  the  effect  of  the  bedding  in  overcoming  convexity 
would  probably  have  been  greater. 

The  significant  feature  of  these  tests  of  cylinders  with  convex 
ends  is  the  marked  effect  of  very  small  irregularities.  It  was  because 
of  the  importance  of  this  feature  of  the  tests  that  the  tests  with  the 
sheared  steel  plates  (Ref.  115,  116,  121  and  122)  were  undertaken,  as 
such  plates  are  sometimes  used.  The  sheared  plates  were  from  ware¬ 
house  stock  and  were  8  in.  square.  They  were  carefully  measured 
and  those  which  showed  a  deviation  of  less  than  0.004  in.  from  a  true 
plane  were  classed  as  plane  plates;  those  which  were  about  0.01  in. 
out  of  true  were  classed  as  warped  plates.  In  molding  the  cylinders, 
the  warped  plates  were  used  to  give  convex  ends  both  top  and  bottom. 

The  data  in  Table  5  show  that  for  the  cylinders  tested  without 
bedding,  those  made  using  the  sheared  plates  which  were  approximately 
plane  showed  a  reduction  in  strength  averaging  7  per  cent;  for  the 
warped  plates  the  reduction  in  strength  ranged  from  20  per  cent  for 
the  1:7  mix  to  32  per  cent  for  the  1:2  mix.  When  tested  with  Beaver 
Board  sheets  both  top  and  bottom  the  reductions  in  strength  for  the 
two  conditions  were  about  one-half  to  one-third  as  great  as  when 
tested  without  the  sheets.  These  results  are  not  plotted  in  Fig.  3 
but  they  agree  fairly  well  with  the  strength-ratios  shown  by  the 
curves  when  the  amount  of  convexity  is  taken  into  account. 
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Table  6  (Ref.  127  and  128)  gives  data  of  further  tests  of  cylinders 
molded  with  warped  sheared  steel  plates  top  and  bottom  in  such  a 
way  as  to  give  convex  ends.  Parallel  tests  on  cylinders  of  1 :  3f  mix 
for  six  different  consistencies  were  carried  out.  Some  of  the  cylinders 
were  tested  without  bedding  and  some  with  Beaver  Board  sheets  top 
and  bottom.  The  data  from  these  tests  are  shown  in  Fig.  4  where 
compressive  strengths  are  plotted  against  water-cement  ratios.  For 
purpose  of  comparison  a  curve  based  on  tests  of  cylinders  molded  and 
tested  in  the  standard  way  is  included.  The  curves  show  a  reduction 
in  strength  of  from  2  to  9  per  cent  for  the  cylinders  tested  with  Beaver 
Board  and  a  reduction  of  from  17  to  30  per  cent  for  those  tested  without 
bedding.  The  curves  show  quite  clearly  that  the  reduction  in  strength 
due  to  the  convex  ends  is  greater  for  the  stronger  concretes. 

In  plotting  Fig.  4,  the  data  from  cylinders  of  other  mixes,  made 
and  tested  under  similar  conditions  were  included  in  order  to  obtain 
a  wider  range  for  the  water-ratio-strength  curves.  These  curves  are 
similar  in  form  to  those  given  in  other  publications  of  this  Laboratory, 
and  show  the  important  relation  of  the  water-cement  ratio  to  the 
compressive  strength  of  the  concrete. 

It  is  apparent  from  these  data  that  in  tests  of  concrete  care 
must  be  taken  to  secure  cylinder  ends  that  are  true  planes.  This 
is  the  most  important  feature  of  this  investigation.  The  loss  of 
strength  due  to  a  small  convexity  of  the  cylinder  end  is  very  much 
greater  than  that  due  to  inclinations  of  the  axis  or  top  surface  of  the 
cylinder  as  will  be  shown  later. 

Use  of  Pine  Board  Bases  for  Molding  Cylinders. — Field  specimens 
are  frequently  molded  by  placing  the  forms  directly  on  a  smooth 
board.  Tests  were  made  to  approximate  this  condition.  The  molds 
were  placed  on  a  1-in.  pine  board  during  the  molding  operation  and 
the  tops  of  the  cylinders  were  trowelled  smooth. 

The  cylinders  (Ref.  120  and  126,  Table  5)  showed  strength-ratios 
from  82  per  cent  for  the  1 : 7  mix  to  67  per  cent  for  the  1 : 2  mix  when 
tested  without  capping  of  any  kind.  When  tested  with  sheets  of 
Beaver  Board  both  top  and  bottom  the  corresponding  strength-ratios 
ranged  from  98  to  79  per  cent.  The  deviation  of  the  cylinder  bases 
from  a  true  plane  varied  from  a  few  thousandths  to  about  one-tenth 
of  an  inch.  As  this  represents  what  might  be  expected  in  cylinders 
similarly  made  in  the  field,  the  low  strengths  obtained  are  significant. 
The  results  are  comparable  to  those  obtained  for  cylinders  with  convex 
ends  (see  Fig.  3). 

Influence  of  Inclined  Axis  and  Inclined  Ends. — Tables  4 
and  5  (Ref.  54,  55,  109  and  110)  give  results  of  tests  in  which  the  ends 
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of  the  cylinders  were  parallel  but  the  axis  of  the  cylinder  was  inclined 
\  and  \  in.  from  the  vertical  in  a  length  of  1 2  in.  The  tests  show  that 
for  parallel  ends  an  inclination  of  the  cylinder  axis  of  \  in.  caused  no 
appreciable  reduction  in  strength;  an  inclination  of  |  in.  caused  a 
reduction  of  from  5  to  8  per  cent. 

Data  on  tests  of  cylinders  having  their  axes  at  right  angles  to  the 
base  but  the  top  surface  inclined  ^  and  ^  in.  in  a  distance  of  6  in.  are 
given  in  Tables  4  and  5  (Ref.  56,  57,  111  and  112).  These  results 
show  no  reduction  in  strength  where  the  top  was  inclined  ^  in.  from 
the  horizontal  and  about  5  per  cent  reduction  for  an  inclination  of 
\  in.  These  tests  show  how  relatively  unimportant  are  minor  inclina¬ 
tions  of  the  ends  or  axis  in  comparison  with  small  convexities  in  the 
end  surfaces. 

Tests  of  Cylinders  with  Ends  Greased  or  Wetted. — Wetting  and 
greasing  the  cylinder  top  before  testing  (Ref,  58  and  59,  Table  4), 
while  showing  very  slight  reductions  in  strength  cannot  be  regarded 
as  particularly  significant,  as  the  2  per  cent  reduction  found  might 
easily  be  accounted  for  by  the  accidental  variations  occurring  in  any 
two  sets  of  cylinders. 

Uniformity  of  Results. — One  of  the  interesting  features  of  this 
investigation  was  the  rather  surprising  uniformity  exhibited  by  the 
cylinders  tested  by  any  of  the  methods  tried.  It  was  expected  that 
the  study  of  the  mean  variation  would  give  considerable  information 
on  the  relative  value  of  the  different  methods  of  test.  This  expecta¬ 
tion,  however,  was  not  fully  realized.  Except  for  a  few  of  the  methods 
used,  the  mean  variation  of  the  individual  strengths  from  the  average 
strength  did  not  differ  greatly  from  that  shown  by  the  group  of  cylin¬ 
ders  used  for  the  standards. 

The  greatest  variation  in  individual  results  was  found  in  the  tests 
without  adjustable  bearing  block  (Ref.  5  and  105)  for  which  the  average 
mean  variation  for  the  28-day  tests  of  the  four  grades  of  concrete  was 
10.9  per  cent;  the  highest  value  was  13.2  per  cent  for  the  1:3^  mix. 
For  this  method  of  test,  the  mean  variation  for  the  1 :5  mix  at  1  year  was 
1 6.2  per  cent.  For  the  tests  with  |-in.  sheet  rubber,  high  mean  variations 
were  also  found.  The  values  ranged  from  7.9  to  12.4  per  cent  and  aver¬ 
aged  10.6  percent.  The  lowest  mean  variations  were  found  for  the 
standard  tests  in  Series  179^4  and  for  the  cylinders  with  tops  ground 
to  a  smooth  surface;  the  values  were  4.1  and  4.5  per  cent,  respectively. 
It  appears  that  the  reliability  of  a  given  method  of  test  should  not  be 
judged  solely  by  the  mean  variation  of  the  individual  test  results  from 
the  average.  The  mean  variation  may  be  low  but  it  does  not  neces¬ 
sarily  follow  that  the  strength  obtained  represents  the  true  strength 
of  the  material  tested. 


|  Reference 
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Structural  Materials  Research  Laboratory 


Table  1.  Influence  of  Position  of  Bearing  Block  and  Deflection 
of  Bed  Plate  on  Compressive  Strength  of 
Concrete — Series  179 


Compression  tests  of  6  by  12-in.  concrete  cylinders. 

Mix  by  volume. 

Relative  consistency  1. 10  (Flow  about  220). 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  1 J  in.  (Fineness  modulus,  5.65.) 

Cement:  a  mixture  of  four  brands  purchased  in  Chicago. 

Cylinders  molded  on  8-in.  cast-iron  base  plates  machined  to  a  plane  surface. 

Cylinders  capped  4  to  6  hours  after  making  with  neat  cement  (mixed  4  to  6  hours  before  use). 

Cylinders  cured  in  moist  room  until  3  days  prior  to  test;  remainder  in  air  of  laboratory. 

Cylinders  tested  using  a  6-in.  spherical  bearing  block  carefully  centered  on  top  and  a  4  by  13  by  24-in  steel  dis¬ 
tributing  plate  below  unless  otherwise  noted. 

Strength-ratio  is  the  ratio,  expressed  as  a  percentage,  of  the  strength  obtained  for  a  given  method  of  test  to  the 
average  strength  for  Ref.  1  to  4. 

All  tests  made  using  a  200,000-lb.  Universal  testing  machine  except  Ref.  10. 

Each  value  is  the  average  of  10  tests  made  on  different  days  unless  otherwise  noted. 
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Table  2. — Compression  Tests  of  Concrete  Cylinders  Using  Different 
Methods  of  Capping  and  Capping  Materials — Series  179. 


6  by  12-in.  concrete  cylinders.  Mix  by  volume. 

Age  at  test:  28  days. 

Relative  consistency  1.10  (Flow  about  220). 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  I2  in.  (Fineness  modulus,  5.65.) 

Cement:  a  mixture  of  four  brands  purchased  in  Chicago. 

Cylinders  molded  on  8-in.  cast-iron  base  plates  machined  to  a  plane  surface. 

Tops  of  cylinders  levelled  off  with  trowel  when  made. 

Cylinders  cured  in  moist  room  until  3  days  prior  to  test;  remainder  in  air  of  laboratory. 

Cylinders  were  tested  using  a  6-in.  spherical  bearing  block  carefully  centered  on  top  and  a  4  by  13  by  24-in.  steel 
distributing  plate  below. 

All  tests  made  on  a  200,000-lb.  universal  testing  machine. 

Strength-ratio  is  the  ratio,  expressed  as  a  percentage,  of  the  strength  obtained  for  a  given  method  of  test  to  the 
average  strength  for  Ref.  1  to  4  in  Table  1  used  as  the  standard  of  comparison. 

Each  value  is  the  average  of  10  tests  made  on  different  days  unless  otherwise  noted. 


Reference 

End  Condition  of  Test  Cylinder 

1:7  Mix 

1:5  Mix 

1:  3§  Mix 

«  .S 

1-g  ® 

o,g>fc 
a  £  n 

Q  H  . 

Js  +? 

M  'S 

c.2  w 
« -SJ  . 

£  C-3  & 
CftpH  P, 

jh 

s|! 

G*  03 

a 

a>  P 

i-a  £ 
ftg>  fe 

a§o- 

0  *-<  . 

-a  -vi 

M  _-  g 

c  2  0 

03  *3  . 

Is  05  S 

CGPh  ft 

a 

•2  c 

®  .S 
> 

OJ'S  “ 

O.S  S 
a  g  & 

O  . 

0 

Jj 

M  .-S 
p.2  0 

03  -3  . 

£  C8  fc 

C«Ph  P, 

a 

•2? 
a  -3  g 

J  S  g 

2>  0, 

1 

to 

4 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

|  Standard  of  Comparison  (see  Table  1) . 

Top  trowelled  smooth,  no  capping . 

Capped  with  gypsum  15  min.  before  test.. . . 

.  30 . . 

.  1  hr.  “  "  . 

.  3 . . 

.  6 . . 

“  44  44  24  44  44  44  . 

Cap  1: 1  cement  and  gyp.  \  hr.  before  test. . 

44  44  44  44  4  4  4  4  44  44 

••  3:1  “  “  “  6 . . 

“  1:3  . 6 . . 

Top  ground  smooth  on  grinder . 

Capped  with  beaver  board,  1^5 -in.  thick . 

“  “  white  pine,  §-in.  thick . 

“  “  millboard,  xg-in.  thick . 

"  “  leather,  xj-in.  thick . 

“  “  blotting  paper,  -jj-in.  thick. . . . 

Capped  with  sheet  lead,  xg-in.  thick . 

“  . g-in.  thick . 

. j^-in.  thick . 

“  “  cork  carpet,  xg-in.  thick . 

“  “  sheet  rubber,  xg-in.  thick . 

"  “  “  “  J-in.  thick . 

“  “  “  “  5-in.  thick . 

1080“ 

1040 

1050 

1030 

1040 

1040 

1050 

1030 

1100 

1100 

1110 

1080 

1090 

1100 

1090 

1080i> 

1060 

990 

1090 

1040 

1000 

1030 

980 

960 

1010 

880 

960 

1010 

100 

96 

97 

95 

96 

96 

97 

95 
102 
102 
103 
100 

101 

102 

101 

100 

98 
92 

101 

96 

92 

95 

91 

89 

93 
81 
89 
93 

8.1 

6.4 

5.7 

4.7 

4.1 

8.0 

5.2 

7.3 

8.3 

6.2 

6.8 

5.7 
5.9 

7.4 

6.4 

4.7 

3.8 

7.3 

5.7 

5.8 

6.3 

9.9 

7.3 

6.5 

8.1 

9.9 

7.9 
8.7 

2150“ 

2020 

2240 

2120 

2180 

2050 

2170 

2170 

2230 

2160 

2160 

2100 

2190 
2200 
2120 
2280  6 
2170 

2120 

1970 

1960 

2080 

1900 

1940 

1900 

1870 

1540 

1660 

1710 

100 

94 

104 

99 
101 

95 
101 

101 

104 

100 

100 

98 

102 

102 

99 

106 

101 

99 

92 

91 

97 

88 

90 

88 

87 

71 

77 

80 

5.0 

5.9 

7.0 

7.1 

5.1 
5.8 
6.0 

5.1 

3.5 

7  1 

5.7 

8.3 

4  4 

5  5 

4  8 
5.1 

8.7 

7.3 

5.7 

6.6 

9.0 

8.8 

5.8 

5.3 

5.9 

6.9 
11.5 

9.5 

4500“ 

3620 

4530 

4580 

4610 

4520 

4460 

4560 

4350 

4390 

4370 

4530 

4390 

4470 

4580 

4630b 

4090 

3920 

3780 

3670 

3470 

3330 

3480 

3460 

3140 

2100 

2920 

2820 

100 

80 

101 

102 

103 

100 

99 
101 

97 

98 

97 

100 

98 

99 

102 

103 

91 

87 

81 

82 

77 

74 

74 

77 

70 

47 

65 

63 

0.7 

6.7 

6.7 

5.2 

5.7 

8.9 

5.1 
5.0 

4  9 

7.3 

3  6 

4.7 

8  6 

6.3 

3.4 

3.9 

3.8 

6.5 
7.7 

8.9 

6.2 

8.5 

7.1 
5.3 
0.5 

7.2 
12.4 

5.0 

“  Average  of  49  to  58  tests. 
b  Average  of  7  tests. 


Table  3 —Compression  Tests  of  Concrete  Cylinders  with  Part  of  Cap 

Removed — Series  179. 

6  by  12-in.  concrete  cylinders.  Mix  by  volume.  , 

Age  at  test:  28  days. 

Relative  consistency  1.10  (Flow  about  220). 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  li  in.  (Fineness  modulus,  5.65.) 

Cylinders  molded  on  8-in.  cast-iron  base  plates  machined  to  a  plane  surface. 

Cvhnders  capped  4  to  6  hours  after  making  with  neat  cement  (mixed  4  to  6  hours  before  use):  part  of  cap  removed 
with  chisel  after  48  hours  as  indicated. 

Cylinders  cured  in  moist  room  until  3  days  prior  to  test;  remainder  in  air  of  laboratory 

Cylinders  tested  using  a  6-in.  spherical  bearing  block  carefully  centered  on  top  and  a  4  by  13  by  24-in.  steel  dis¬ 
tributing  plate  below. 

Strength-ratio  is  the  ratio,  expressed  as  a  percentage,  of  the  strength  obtained  for  a  given  method  to  the  average 
strength  for  Ref.  1  to  4  in  Table  1,  used  as  the  standard  of  comparison. 

All  tests  made  using  a  200,000-lb.  universal  testing  machine. 

Each  value  is  the  average  of  10  tests  made  on  different  days  unless  otherwise  noted. 


1:7  Mix 

1:5  Mix 

1:3^  Mix 

End  Condition  of 

o>  d 

> 

©  s 

©  £ 

> 

a 

Test  Cylinder 

fjJS 

Ji 

a 

a 

|.o  s' 

X3  4* 

js 

a> 

ago. 

©•is 

OoSrS 

Strengf 

Ratio, 

per  cen 

Mean 

Variati 

per  cen 

0,1  fe 
ago. 

o  H  . 

Strengt 

Ratio, 

per  cen 

Mean 

Variati. 

per  cen 

life 

ago. 

o  £  ■ 
Ox>£ 

Strengt 

Ratio, 

per  cen 

Mean 

Variatii 

per  cen 

1 

to 

f Standard  of  Comparison  (See  Table  1)... 

J 

1080“ 

100 

8.1 

2150“ 

100 

5.0 

4500“ 

100 

6.7 

40 

Cap  removed  distance  of  J  in.  from  edge _ 

1130 

105 

6.8 

2160 

100 

7.6 

4540 

101 

2.3 

41 

^  in.  '*  **  . 

1090 

101 

5.9 

2130 

99 

5.1 

4330 

96 

3.9 

42 

“lin.  “  “  . 

1070 

99 

4.7 

2020 

94 

6.9 

4170 

93 

3.6 

43 

“  “2  in.  “  “  . 

960 

89 

6.9 

1660 

77 

11.7 

2970 

66 

10.4 

44 

Cap  removed  \  in.  from  edge,  replaced  with 

1: 1  cement  and  gypsum  3  hr.  before  test. . 

1110 

103 

5.9 

2150 

100 

8.1 

4560 

101 

5.0 

45 

Cap  removed  |  in.  replaced  as  in  (44) . 

1100 

102 

7.2 

2140 

100 

3.8 

4470 

99 

3.2 

46 

1  in.  “  “  “  . 

1060 

98 

3.7 

2170 

101 

4  3 

4310 

96 

6.9 

47 

2  in.  “  “  “  _ 

690 

92 

6.1 

2050 

95 

5.9 

4100 

91 

7.6 

*  Average  of  49  to  58  tests. 


Iable  4.  Compression  Tests  of  Concrete  Cylinders  for  Miscellaneous 
End  Conditions — Series  179. 

6  by  12-in.  concrete  cylinders,  capped  4  to  6  hours  after  molding,  with  neat  cement  (mixed  4  to  6  hours  before  use), 
for  further  details  see  notes  accompanying  Table  3. 

Each  value  is  the  average  of  10  tests  made  on  different  days  unless  otherwise  noted. 


1:5  Concrete 


Refer¬ 

ence 

End  Condition  of  Test  Cylinder 

28  days 

3  months 

1  year 

Compressive 
Strength, 
lb.  per  sq.  in. 

Strength- 
Ratio, 
per  cent 

Mean 
Variation, 
per  cent 

Compressive 
Strength, 
lb.  per  sq.  in. 

Strength- 
Ratio, 
per  cent 

Mean 
Variation, 
per  cent 

Compressive 
Strength, 
lb.  per  sq.  in. 

Strength- 
Ratio, 
per  cent 

Mean 
Variation, 
per  cent 

1  to  4 

Standard  of  Comparison  (See  Table  1). 

2150" 

100 

5.0 

3500 

100 

4.5 

4470 

100 

5.3 

48 

Ends  concave  0.003  in . 

2190 

102 

5.5 

3580 

102 

4.0 

4480 

100 

4.2 

49 

“  “  0.1  in . 

1910 

89 

4.4 

2840 

81 

5.2 

3270 

73 

4.3 

50 

0.2  in . 

1650 

77 

6.9 

2380 

68 

4.7 

2760 

62 

5.9 

51 

Ends  convex  0.003  in _ 

2210 

103 

7.0 

3620 

103 

4.9 

4620 

103 

5.5 

52 

0.1  in  . 

890 

41 

8.0 

1190 

34 

6.3 

1310 

29 

6.4 

53 

0.2  in  . 

540 

25 

10.8 

790 

23 

10.3 

880 

20 

8.0 

54 

Axis  inclined  j  in.;  ends  parallel . 

2160 

100 

5.2 

55 

2  in.;  “  “  . 

1980 

92 

12.9 

56 

Axis  vertical,  top  inclined  j  in . 

2200 

102 

3.3 

57 

h  in . 

2050 

95 

9.4 

58 

Standard,  except  cap  wet  with  water. . . 

2100 

98 

9.6 

59 

cap  coated  with  cup  grease 

2100 

98 

4.9 

Average  of  58  tests. 
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Table  5. — Compression  Tests  of  Concrete  Cylinders  for  Different 
End  Conditions — Series  179-4. 


6  by  12-in.  concrete  cylinders.  Mix  by  volume. 

Age  at  test:  28  days.  Relative  consistency  1.10  (Flow  about  220). 

Aggregate:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  1}  in.  (Fineness  modulus,  5.65). 

Cement:  a  mixture  of  four  brands  purchased  in  Chicago 

Cylinders  molded  on  8-in.  cast-iron  base  plates  machined  to  a  plane  surface  unless  otherwise  noted. 

Cylinders  capped  4  to  6  hours  after  making  with  neat  cement  (mixed  4  to  6  hours  before  use)  unless  otherwise 
noted. 

Cylinders  cured  in  moist  room  until  3  days  prior  to  test;  remainder  in  air  of  laboratory. 

Cylinders  tested  using  a  6-in.  spherical  bearing  block  carefully  centered  on  top  and  a  4  by  13  by  24-in.  steel  dis¬ 
tributing  plate  below,  except  Ref.  102  and  105  to  108. 

Strength-ratio  is  the  ratio,  expressed  as  a  percentage,  of  the  strength  obtained  for  a  given  method  of  test  to  the 
strength  of  similar  concrete  when  tested  in  accordance  with  the  ‘  Standard  Condition. 

Each  value  is  the  average  of  10  tests  made'on  different  days.  _ _ 


1:7  Mix 

1:5  Mix 

1:3%  Mix 

1:2  Mix 

|  Reference 

End  Condition  of 

Test  Cylinder 

Compressive 
Strength, 
lb.  per  sq.  in. 

Strength- 
Ratio, 
per  cent 

Mean 
Variation, 
per  cent 

Compressive 
Strength, 
lb.  per  sq.  in. 

Strength- 
Ratio, 
per  cent 

Mean 
Variation, 
per  cent 

Compressive 

Strength, 

lb.  per  sq.  in. 

Strength- 

Ratio, 

per  cent 

Mean 

Variation, 

per  cent 

Compressive 

Strength, 

lb.  per  sq.  in. 

Strength- 

Ratio, 

per  cent 

Mean 

Variation, 

per  cent 

Cylinders  Capped  with  Neat  Cement  When  Made 


101 

Standard  condition . 

1190 

100 

3.9 

3010 

100 

4.1 

4690 

100 

4.7 

5750 

100 

3.8 

102 

Standard;  no  lower  distributing  plate. 

5660 

99 

4.7 

103 

Bearing  block  inverted  on  top . 

5770 

100 

4.5 

104 

5680 

99 

3.7 

105 

4720 

82 

12.1 

106 

Bearing  block  off  center  §  in . 

2810 

93 

8.9 

4630 

99 

5.1 

107 

l.  ..  •«  ..  1  «« 

2780 

92 

7.1 

4530 

97 

4.4 

108 

«•  ..  «•  ..  1  «« 

2700 

90 

6.3 

4310 

92 

3.8 

109 

Axis  inclined  4  in.;  ends  parallel . 

4540 

97 

6.1 

110 

.«  <4  1  44  ««  <• 

2  . 

4430 

95 

4.2 

111 

Axis  vertical;  top  inclined  4  in . 

4580 

98 

6.1 

112 

4.  4.  44  44  1  44 

2  . 

4480 

96 

5.2 

Cylinders  Capped  with  Gypsum  in  Testing  Machine  Under  Load  op  25  lb.  per  sq.  in.  for  6  hr.  Before  Test 


113  Plane  base . "1  top  trowelled 

114  Base  convex  0 . 05  in.  /  smooth 


/ 

4630 

99 

3.9 

4200 

90 

4.6 

Cylinders  Tested  as  Made  Without  Additional  Capping  or  Sheets 


115 

J-in.  sheared  plate0' 

top  and  f 

1060 

89 

5.7 

2750 

91 

6.3 

4390 

94 

3.6 

5640 

98 

4.8 

1 1  fi 

“  warped  “ 

bottom  \ 

950 

80 

8.7 

2300 

76 

8.3 

3580 

76 

11.8 

3900 

68 

9.2 

117 

Base  convex  0.01  in. 

990 

83 

6.6 

2390 

79 

6.7 

3210 

68 

8.6 

3630 

63 

9.0 

118 

“  “  0.02  " 

top  trowelled  I 

940 

79 

8.9 

2290 

76 

4.5 

2960 

63 

7.6 

3130 

54 

6.5 

119 

“  “  0.05  “ 

smooth  I 

670 

56 

6.3 

1590 

53 

6.5 

1760 

38 

10.7 

2280 

40 

10.6 

120 

Molded  on  1-in.  pine 

[ 

980 

82 

8.8 

2440 

81 

8.8 

3190 

68 

3.7 

3860 

67 

9.1 

Cylinders  Tested  With  Beaver  Board  Sheets  Top  and  Bo 

TTOM 

121 

j-in.  sheared  plate0 

top  and  1 

1140 

96 

5.2 

2750 

91 

6.4 

4650 

99 

5.6 

5520 

96 

3.2 

122 

“  warped  “  “ 

bottom 

1100 

92 

6.5 

2680 

89 

7.4 

4380 

94 

4.3 

5350 

93 

4.3 

123 

Base  convex  0.01  in. 

1110 

93 

5.7 

2770 

92 

6.6 

4350 

93 

2.8 

4690 

82 

4.0 

124 

"  “  0.02  “ 

top  trowelled 

1110 

93 

7.1 

2650 

88 

7.0 

4110 

88 

5.0 

4590 

80 

5.5 

125 

“  "  0.05  " 

smooth 

1050 

88 

8.5 

2250 

75 

9.0 

3500 

75 

4.2 

4130 

72 

4.3 

126 

Molded  on  1-in.  pine 

1160 

98 

4.3 

2790 

93 

4.7 

3990 

85 

7.5 

4550 

79 

5.3 

°  These  were  the  most  nearly  plane  of  the  sheared  plates  in  the  lot. 


Table  6.  Compression  Tests  of  Concrete  of  Different  Consistencies 
for  Different  End  Conditions  of  Test  Cylinder — Series  179,4. 


6  by  12-in.  concrete  cylinders. 

Aggregates:  sand  and  pebbles  from  Elgin,  Ill.,  graded  0  to  l|  in.  (Fineness  modulus,  5.65.) 

Cement:  a  mixture  of  four  brands  purchased  in  Chicago. 

Age  at  test:  28  days. 

Cylinders  capped  4  to  6  hours  after  mixing  with  neat  cement  (mixed  4  to  6  hours  before  use) 

Cylinders  cured  in  moist  room  until  3  days  prior  to  test;  remainder  in  air  of  laboratory 

Cylinders  tested  using  a  6-in.  spherical  bearing  block  carefully  centered  on  top  and  a  4  by  13  by  24-in  steel  dis- 
tributing  plate  below. 

All  tests  made  using  a  200,000-lb.  universal  testing  machine. 

Strength-ratio  is  the  ratio,  expressed  as  a  percentage,  of  the  strength  obtained  for  a  given  method  of  test  to  the 
strength  obtained  from  similar  concrete  tested  in  accordance  with  the  standard  condition 
Each  value  is  the  average  of  10  tests  made  on  different  days. 


Refer- 

Relative  Consistency  of  Concrete 

Mix  1:  3§  by  volume. 

0.90 

(.60)“ 

1.00 

(66) 

1.10 

(.73) 

1.25 

(.82) 

1.50 

(.99) 

2.00 
(1  32) 

101 

Standard  condition . 

Compressive  Strength,  lb.  per  sq.  in. 

Strength-Ratio,  per  cent . 

Mean  Variation,  per  cent . 

5480 

100 

5.5 

5370 

100 

4.7 

4690 

100 

4.7 

3750 

100 

8.7 

2420 

100 

4.8 

1150 

100 

6.2 

127 

Molded  using  J-in.  warped, 
sheared  steel  plates  top 

Compressive  Strength,  lb.  per  sq.  in. 

4210 

3550 

3580 

2850 

2040 

1000 

Strength-Ratio,  per  cent . 

77 

66 

76 

76 

84 

87 

128 

out  beaver  board  sheets. 

Molded  using  j-in.  warped, 

Mean  Variation,  per  cent . 

11.1 

10.0 

11.8 

8.9 

9.1 

13.3 

sheared  steel  plates  top 

Compressive  Strength,  lb.  per  sq.  in. 

5210 

4850 

4380 

3590 

2180 

1190 

and  bottom;  tested  with 

Strength-Ratio,  per  cent . 

95 

90 

94 

96 

90 

103 

beaver  board  sheets  top 
and  bottom. . , . 

Mean  Variation,  per  cent . 

3.2 

4.5 

4.3 

3.7 

6.1 

8.1 

°  Water-cement  ratio. 


Table  7.  Compression  Tests  of  Mortar  Used  for  Capping — Series  179. 

2  by  4-in.  cylinders. 

Laboratory °rtar  m‘Xed  t0  ^  consistency  ordinarily  used  in  capping  concrete  cylinders  and  building  units  in 

The  port jand  cement  mortar  which  stood  6  to  8  hours  required  additional  mixing  water  before  molding  cylinders 
in  order  to  bring  it  to  the  same  plasticity  used  for  capping. 

Each  value  is  tne  average  of  5  tests  made  on  different  days. 


Capping 

Material 

Mixing 

Water, 

Time 

Compressive  Strength,  lb. 

per  sq.  in. 

Ce- 

Gyp- 

pei  ClhI 

ment, 

sum, 

by 

Curing 

per 

per 

weight 

Molding, 

Condition 

15 

30 

1 

3 

6 

1 

2 

3 

7 

28 

cent 

cent 

mate- 

hours 

minutes 

minutes 

hour 

hours 

hours 

day 

days 

days 

days 

days 

weight 

weight 

rials 

0 

100 

50 

0 

Air . 

520 

1040 

1200 

1180 

1280 

1280 

1300 

1180 

1440 

2650 

25 

75 

50 

0 

Air . 

1070 

1020 

1030 

950 

1030 

1000 

1040 

1300 

2300 

50 

50 

50 

0 

Air . 

540 

550 

470 

470 

600 

790 

900 

1180 

2160 

75 

25 

40 

0 

Air . 

180 

190 

180 

210 

640 

890 

1170 

1720 

3010 

100 

0 

33 

0 

Air . 

Jr 

1570 

2610 

3560 

4710 

4730 

100 

0 

33 

0 

Moist  Room 

1740 

2640 

3360 

5000 

8240 

100 

0 

33 

2 

Air . 

1560 

2610 

3610 

4930 

4520 

100 

0 

33 

2 

Moist  Room 

1540 

2490 

3270 

4900 

8100 

100 

0 

33 

4 

Air . 

1490 

2790 

3690 

5000 

4690 

100 

0 

33 

4 

Moist  Room 

1560 

2540 

3530 

5340 

8650 

100 

0 

34 

6 

Air . 

1170 

2270 

3160 

4690 

4540 

100 

0 

34 

6 

Moist  Room 

1140 

2100 

2930 

4870 

8260 

100 

0 

35 

8 

Air . 

860 

1880 

2770 

4210 

4120 

100 

0 

35 

8 

Moist  Room 

840 

1780 

2480 

4080 

6710 

Table  8. — Tests  of  Cement — Series  179  and  179.4. 

All  tests  made  in  accordance  with  the  Standard  Specifications  and  Tests  for  Portland  Cement  of  the  A.S.T.M. 
Chemical  Analysis  of  Cement 


Values  are  the  average  of  2  tests  expressed  as  percentages  by  weight. 


Cement 

Silica, 

SiOa 

Iron 

Oxide, 

Fe203 

Aluminum 

Oxide, 

AI2O3 

Calcium 

Oxide, 

CaO 

Magnesium 

Oxide, 

MgO 

Sulfuric 

Anhydride, 

SO3 

Loss 

on 

Ignition 

Insoluble 

Residue 

7153 . 

22.42 

3.32 

5.85 

62.10 

2.71 

1.82 

1.15 

0.18 

Miscellaneous  Tests 
Each  value  is  the  average  of  2  determinations. 


Cement 

Fineness 
Residue  on 
No.  200  Sieve, 
per  cent 

Water  for 
Normal 
Consistency, 
per  cent 
by  weight 

Time  of  Setting 

Soundness 

Test 

(oyer 

boiling 

water) 

Vicat  Needle 

Gillmore  Needle 

Initial 

Final 

Initial 

Final 

7153 . 

18.4 

23.5 

3  hr.  40  min. 

6  hr.  50  min. 

5  hr.  25  min. 

7  hr.  55  min. 

O.K 

Strength  Tests  of  1:3  Standard  Sand  Mortar 


Tension  tests  of  briquettes  and  compression  tests  of  2  by  4-in.  cylinders. 
Specimens  cured  in  water;  tested  damp. 

Each  value  is  the  average  of  5  specimens  made  on  different  days. 


Cement 

Mixing 
Water, 
per  cent 

Tensile  Strength  of  Briquettes, 
lb.  per  sq.  in. 

Compressive  Strength 
of  2  by  4-in.  Cylinders, 
lb.  per  sq.  in. 

7  days 

28  days 

3  months 

1  year 

7  days 

28  days 

3  months 

1  year 

7153 . 

10.4 

310 

405 

450 

385 

1820 

2930 

3950 

4330 

Fig.  1. — .Standard  Method  of  Capping  Cylinders. 

6  by  12-in.  concrete  cylinders  molded  on  plane  cast-iron  base  plates,  capped  with  neat  cement 
which  stood  from  2  to  6  hours  before  use  and  levelled  with  8-in.  plane  cast-iron  cover  plates. 
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g  'Hardened  Steel  Ball 

Bearings 


3  Springs  Spaced  120  °apar\ 


ii  - L-L.l  MlillllllM  | 

f  Steel  Distributing 

~T . y-| 

)  f  Steel  Distri buting 

;  Plate 

*  1 

!  Plate 

V 

Spherical  Bearing  Block. 


Spherical  Block  with 
Ball  Bearings. 


Fig.  2. — Adjustable  Bearing  Blocks  used  in  Tests. 

Steel  bearing  blocks  machined  from  drop  forgings. 


Effect  of  End  Condition  of  Cylinder 
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Fig.  3 — Effect  of  Convexity  or  Concavity  of  Cylinder  Ends  on  the  Reliability  of 

Compression  Tests. 

Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room. 

Mix  by  volume. 

Age  at  test,  28  days. 

Each  value  is  the  average  of  10  tests  made  on  different  days. 

Data  from  Tables  4  and  5. 
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Fig.  4.— Water  Ratio-Strength  Relation  as  Influenced  by  Condition  of  Cylinder 

Ends. 


Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  moist  room. 
Mix  by  volume. 

Each  value  is  the  average  of  10  tests  made  on  different  days. 

Data  from  Tables  5  and  6. 


BIBLIOGRAPHY 


The  following  bibliography  gives  references  to  other 
tests  bearing  on  the  same  subject  The  brief  notes  which 
are  given  for  several  of  the  references  reflect  the  views 
expressed  therein  and  do  not  necessarily  indicate  the 
opinion  of  the  author  of  this  report  based  on  a  study  of 
the  same  and  later,  more  complete  data. 


“Notes  on  Resistance  of  Bricks  to  Crushing  Force,”  by  G.  S.  Greene,  Jr., 
Journal,  Franklin  Inst.,  Vol.  65,  p.  333,  1873. 

Tests  made  on  half  brick  using  (1)  2  pieces  of  board  \  in.  thick;  (2)  a  layer  of 
sand;  (3)  packed  with  2  pieces  of  cigar-box  wood;  (4)  packed  with  sand. 

“Report  on  Building  Stones,”  Report  of  Chief  of  Engineers,  U.  S.  Army’ 
1875,  Appendix  II,  p.  29. 

“Testing  Materials  of  Construction,”  by  W.  C.  Unwin,  Published  by 
Longmans,  Green  Co.,  New  York,  1888,  p.  416. 

Discusses  the  diminution  of  crushing  resistance  of  stone  bedded  on  lead,  and 
between  millboards.  The  following  forms  of  bedding  were  used:  One  plate  of  lead 
on  each  face,  three  plates  of  lead  on  each  face,  one  plate  of  lead  on  each  face  |  in. 
smaller  than  face  all  around,  between  2  millboards  on  each  face,  and  cemented 
between  2  strong  iron  plates  with  plaster  of  Paris.  (Lead  plates  0.085  in.  thick.) 

“Compressive  Resistance  of  Freestone,  Brick  Piers,  Hydraulic  Cements, 
Mortars  and  Concretes,”  by  Q.  A.  Gillmore,  Published  by  Wiley  &  Sons,  New 
York,  1888,  p.  2. 

Tests  made  on  stones  which  were  of  tough,  medium  and  soft  texture,  using 
steel,  wood,  lead  and  leather  for  bedding.  Values  obtained  were: 


Steel 

Wood 

Lead 

Leather 

100 

94 

65 

60 

100 

82 

65 

63.5 

100 

100 

100 

100 

100 

100 

100 

59.4 

100 

110 

90 

100 

103 

85 

“Materials  of  Construction,”  by  J.  B.  Johnson,  Published  by  Wiley  & 
Sons,  New  York,  1914,  p.  354. 

Capping  of  specimens  recommended  with  plaster  of  Paris,  using  sized  paper 
between  capping  and  specimen  to  prevent  absorption  of  water  by  specimen,  which 
reduces  strength  of  the  material  if  it  has  a  high  absorption.  Small  load  put  on 
specimen  while  plaster  is  soft  and  left  on  for  10  min.  or  longer,  until  bed  is  hardened, 
when  test  proceeds  to  failure.  Single  thickness  of  tar-board  recommended,  but  no 
material  which  will  flow  (such  as  lead)  or  spread  (as  wood).  Ground  surfaces  also 
recommended.  Graph  shows  effect  of  bedding  with  lead  and  also  with  plaster  of 
Paris  on  strength  of  concrete. 
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“Treatise  on  Masonry  Construction,”  by  I.  0.  Baker,  Published  by  Wiley 
&  Sons,  New  York,  1899,  p.  9. 

Relative  crushing  strengths  of  pressing  surfaces  as  follows:  Steel  100,  Wood 
89,  Lead  65  and  Leather  62. 

“Spherical  Bearings,”  by  M.  Schuyler,  Proceedings ,  Am.  Soc.  Testing 
Mats.,  Vol.  13,  p.  1004,  1913. 

Examples  of  different  bearing  surfaces  shown  and  discussed. 

“Capping  for  Compression  Specimens,”  by  H.  D.  Foster,  Journal ,  Am. 
Ceramic  Soc.,  Vol.  6,  p.  623,  May,  1923.  Engineering  News-Record ,  Vol.  90, 
p.  1003,  June  7,  1923. 

Compressive  strength  tests  made  on  tile  capped  with  unretarded  gypsum,  with 
neat  portland  cement,  with  mixture  of  3  parts  by  volume  of  portland  cement  to 
1  part  of  unretarded  gypsum,  and  on  tile  whose  bearings  were  ground.  Tile  whose 
bearings  were  ground  gave  highest  results.  Results  based  on  workability,  yielding 
of  cap,  and  influence  of  bearing  block. 

“Effect  of  Irregular  Ends  on  Concrete  Test  Cylinders,”  by  D.  V.  Terrell, 
Engineering  and  Contracting,  Vol.  60,  p.  228,  August  1,  1923. 

Tests  indicate  (1)  that  test  cylinders  should  be  10  in.  long;  (2)  that  no  attempt 
be  made  to  finish  the  ends;  (3)  that  they  be  capped  after  they  reach  the  laboratory; 
(4)  that  all  caps  be  at  least  7  days  old. 

“Effect  of  Imperfect  Ends  on  Compressive  Strength  of  Concrete  Test 
Cylinders,”  by  D.  V.  Terrell,  Kentucky  Road  Builder,  March,  1923.  Engineering 
and  Contracting,  Vol.  59,  p.  984,  May,  1923. 

Methods  of  testing  1:2:4  concrete  given:  (1)  concrete  with  neat  cement,  cut 
off  with  straight-edge  and  made  nearly  perfect  as  possible;  (2)  finished  with  trowel 
leaving  uneven  ends;  (3)  sheet  lead  placed  over  tops  of  rough  cylinders  to  take  up 
unconformities  in  cylinder;  (4)  Beaver  Board  used  instead  of  sheet  lead;  (5)  capped 
with  plaster  of  Paris  and  placed  under  2000-lb.  pressure  until  cap  set  and  then 
broken.  Best  results  were  obtained  in  the  following  order:  1,  5,  2,  4,  3. 
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STUDIES  OF  CURING  CONCRETE  IN  A 
SEMI-ARID  CLIMATE 


By  Harrison  F.  Gonnerman  and  C.  L.  McKesson 
Summary  and  Conclusions 

This  investigation  of  the  relative  efficiency  of  various  methods  of 
curing  concrete  was  conducted  during  the  summer  of  1924  as  a  co¬ 
operative  research  by  the  California  Highway  Commission  and  the 
Structural  Materials  Research  Laboratory.  Because  of  the  slight  prob¬ 
ability  of  rainfall  during  the  summer  months,  the  low  relative  humidity 
and  the  high  mean  temperature,  Sacramento,  California  was  chosen  as 
a  site  for  the  experiments.  The  climatic  conditions  under  which  the 
tests  were  made  were  quite  unfavorable  for  the  proper  curing  of  unpro¬ 
tected  concrete,  but  are  typical  of  those  encountered  in  semi-arid 
regions. 

The  curing  experiments  were  carried  out  on  7  by  10  by  38-in.  plain 
concrete  beams  made  out-of-doors  and  cured  in  the  open  by  the  follow¬ 
ing  methods  (after  removal  of  forms  at  16  to  24  hr.)  : 

(1)  Covering  with  2  in.  earth,  wet  for  3,  7,  14,  26  and  88  days; 

(2)  Air  curing,  no  surface  treatment; 

(3)  Covering  with  asphaltic  paper; 

(4)  Flake  calcium  chloride,  1  y2,  2,  2^2,  3  and  5  lb.  per  sq.  yd. 

sprinkled  over  the  surface ; 

(5)  Commercial  sodium  silicate  (41°  Baume)  ;  applied  with  a 

brush,  undiluted,  1  to  \y2  and  1  to  3  solutions. 

The  investigation  included  transverse  tests  and  tests  for  surface 
hardness  on  five  hundred  and  eighteen  7  by  10  by  38-in.  beams  and 
compression  tests  on  one  hundred  and  seventy-five  6  by  12-in.  cylinders 
and  prisms.  The  beams  were  tested  at  ages  of  3  to  90  days  with  the 
cured  surface  in  tension.  The  surface  hardness  of  the  concrete  was 
measured  by  a  ball-indentation  test.  The  cylinders  were  cured  in 
damp  sand  and  tested  at  ages  of  7  to  90  days.  The  prisms  were  cured 
with  wet  earth  and  calcium  chloride  and  tested  at  28  days. 

The  concrete  was  machine-mixed  in  the  proportion  of  1-2.2-3.0 
by  loose  volume,  and  contained  6  sacks  of  cement  per  cubic  yard.  The 
consistency  of  the  concrete  was  about  that  used  in  machine-finished 
concrete  pavements  (slump  of  about  \l/>  in.).  A  few  tests  were  made 
with  wetter  concrete.  In  110  beams  and  37  cylinders  calcium  chloride 
(2%  by  weight  of  cement)  was  used  as  an  admixture. 
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In  comparing  the  relative  efficiency  of  the  curing  methods,  the 
strength  of  concrete  cured  with  earth  wet  7  and  14  days  (which  showed 
practically  identical  results)  was  taken  as  the  standard;  the  “strength- 
ratios”  for  other  methods  were  based  on  these  values.  For  specimens 
tested  at  3  days  the  flexural  strength  for  3-day  wet-earth  curing  was 
taken  as  the  standard  of  comparison. 

The  moduli  of  rupture  of  concrete  without  admixture  (average 
compressive  strength  at  28  days  4000  lb.  per  sq.  in.)  for  the  different 
methods  of  curing  in  the  order  of  their  superiority  were : 


Method  of  Curing 


2  in.  wet-earth  covering  applied  16  to  24  hr.  after 

molding  and  left  in  place  for  7  or  14  days  . 

2  in.  wet-earth  covering  applied  16  to  24  hr.  after 

molding  and  left  in  place  for  3  days  . 

Beams  molded  and  cured  in  concrete  forms  using 
surface  application  of  calcium  chloride,  2H  lb.  per 
sq.  yd.,  placed  16  to  24  hr.  after  molding  and  not 

removed . 

Covered  with  asphaltic  paper  16  to  24  hr.  after  mold¬ 
ing  until  1  day  before  test  (Average  for  paper  on 

top  only  and  top  and  bottom) . 

Beams  molded  in  wood  forms  and  cured  with  surface 
application  of  calcium  chloride,  2 %  lb.  per  sq.  yd., 
placed  18  to  24  hr.  after  molding  and  not  removed 

Air  curing;  no  surface  treatment . 

Sodium  silicate,  applied  with  brush  16  to  24  hr.  after 
molding  (Average  for  undiluted,  1  to  \Yi  and  1  to 
3  solutions) .  . . 


Modulus  of  Rupture  of 

7  by  10-in.  Plain  Concrete 
Beams,  lb.  per  sq.  in. 

Strength-Ratio 
per  cent 

3d. 

7d. 

14d. 

28d. 

90d. 

3d. 

7d. 

14d. 

28d. 

90d. 

445 

470 

535 

600 

100 

100 

100 

100 

340 

435 

490 

505 

565 

100 

98 

104 

94 

94 

470 

470 

535 

100 

88 

89 

410 

430 

470 

465 

92 

91 

88 

78 

370 

390 

410 

415 

495 

109 

88 

87 

78 

33 

295 

345 

365 

385 

435 

87 

78 

78 

72 

73 

340 

355 

395 

445 

76 

76 

74 

74 

Based  on  these  and  other  data  from  the  tests,  the  following  con¬ 
clusions  are  drawn: 


( 1 )  A  curing  method  is  efficient  which  maintains  the  moisture 

content  of  the  concrete  during  the  early  stages  of  hydration, 
about  equal  to  the  original  mixing  water.  Wet-earth  cur¬ 
ing  gave  the  best  results  of  the  methods  used ;  this  method 
apparently  supplied  moisture  in  sufficient  quantity  to  re¬ 
place  losses  due  to  evaporation  and  to  absorption  by 
subgrade.  Curing  methods  which  permitted  high  evapora¬ 
tion  losses  gave  concrete  of  low  strength. 

(2)  The  tests  showed  that  concrete  cured  under  earth  wet  for  7 

or  14  days  was  only  slightly  stronger  than  when  cured  under 
earth  wet  for  3  days.  In  view  of  this  and  of  the  small  rate 
of  increase  in  strength  after  the  14th  day  it  may  be  con¬ 
cluded  that  with  temperatures  no  lower  than  prevailed  in 
these  tests  (70°F.)  concrete  pavements  cured  by  covering 
with  wet  burlap  for  16  to  24  hr.  and  then  with  earth  kept 
wet  for  7  days,  may  safely  be  opened  to  traffic  in  14  days. 
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Curing  with  a  surface  application  of  flake  calcium  chloride, 
2 V*  lb-  per  sq.  yd.,  gave  strength-ratios  of  from  88% 
at  7  days  to  83%  at  90  days;  with  less  than  this  amount 
and  with  3  and  5  lb.,  there  was  a  slight  reduction  in  strength. 

When  the  calcium  chloride  was  washed  off  after  3  hr.,  the 
strengths  were  reduced  perceptibly;  washing  off  calcium 
chloride  after  1  day  gave  essentially  the  same  strengths  as 
when  left  on  the  surface. 

Surface  hardness  for  calcium  chloride-cured  beams  was  con¬ 
siderably  less  than  for  beams  cured  with  wet  earth  or  with 
asphaltic  paper. 

For  beams  molded  and  cured  in  concrete  forms  using  calcium 
chloride,  2]/2  lb.  per  sq.  yd.,  the  strength-ratios  ranged  from 
100%  at  14  days  to  89%  at  90  days.  The  strengths  in  this 
case  were  about  12%  higher  than  for  beams  molded  in 
wood  forms  and  cured  in  the  standard  manner  with  a  sim¬ 
ilar  amount  of  calcium  chloride,  that  is,  on  paper  with  the 
sides  and  ends  of  the  beams  banked  with  dry  earth. 

Asphaltic  paper  curing  gave  average  strength-ratios  ranging 
from  92%  at  7  days  to  /8%  at  90  days;  surface  hardness 
was  almost  as  high  as  for  wet-earth  curing. 

Both  air  curing  and  sodium  silicate  curing  showed  low 
strength  and  surface  hardness.  The  strength-ratios  for 
these  methods  of  curing  ranged  from  about  77%  at  7  davs 
to  74%  at  90  days. 

2%  calcium  chloride  used  as  an  admixture  in  the  concrete 
increased  the  flexural  strength  about  4%  at  3  days  for  air- 
and  calcium-chloride  curing  and  gave  no  increase  for  wet- 
earth  curing.  It  should  be  borne  in  mind  that  only  one 
percentage  of  calcium  chloride  and  one  brand  of  portland 
cement  was  used.  Different  cements  respond  in  different 
degree  to  calcium  chloride  as  an  admixture;  furthermore, 
the  high  temperatures  which  prevailed  had  a  favorable 
influence  on  early  strength  and  may  have  minimized  the 
effect  of  the  calcium  chloride. 

Indentation  loads  used  in  measuring  surface  hardness  aver¬ 
aged  21  times  the  modulus  of  rupture ;  the  greatest  surface 
hardness  was  found  for  concrete  of  highest  flexural 
strength.  This  method  of  test  showed  that  calcium  chloride, 
sodium  silicate  and  air  curing  produced  a  more  friable  sur¬ 
face  than  wet-earth  or  paper  curing. 


STUDIES  OF  CURING  CONCRETE  IN  A 
SEMI-ARID  CLIMATE 

By  Harrison  F.  Gonnerman  and  C.  L.  McKesson 
Introduction 

Investigations  carried  out  in  recent  years  by  Government,  state 
highway  and  other  research  laboratories  have  demonstrated  the  neces¬ 
sity  of  providing  concrete  with  moisture  during  the  early  hardening 
period  if  high  strength  and  other  desirable  properties  are  to  be  secured. 
In  concrete  highway  construction,  the  methods  of  curing  most  fre¬ 
quently  used  are  ponding,  or  covering  with  earth,  straw  or  other  mate¬ 
rials  kept  wet  for  periods  ranging  from  7  to  18  days.  These  methods 
cannot  always  be  used  to  advantage,  however,  on  account  of  cost, 
scarcity  of  water  or  absence  of  necessary  covering  materials  and  are 
generally  impracticable  in  congested  districts. 

During  the  past  few  years,  calcium  chloride,  a  highly  deliquescent 
salt,  has  been  recommended  as  a  curing  agent  for  concrete  roads  on  the 
theory  that  when  spread  over  the  surface  it  will  attract  sufficient  mois¬ 
ture  from  the  air  to  prevent  drying  of  the  concrete  during  early  hard¬ 
ening.  Sodium  silicate  brushed  over  the  surface  has  also  been  recom¬ 
mended  for  curing  concrete  roads.  The  tests  described  in  this  report 
were  made  to  determine  the  efficiency  of  these  and  other  materials 
compared  with  earth  kept  wet  for  periods  ranging  from  3  to  88  days. 

In  the  summers  of  1923  and  1924,  comprehensive  series  of  tests 
on  the  curing  of  concrete  beams  were  made  at  Lewis  Institute.  How¬ 
ever,  due  to  the  abnormal  rainfall  during  the  period  of  curing,  the 
results  were  inconclusive.  It  was  with  a  view  to  eliminating  so  far  as 
possible  the  effect  of  variable  weather  conditions  and  to  study  the 
curing  of  concrete  in  a  hot,  semi-arid  climate,  that  the  tests  were  made 
at  Sacramento.  The  tests  were  carried  out  during  the  summer  and  fall 
of  1924,  in  cooperation  with  the  California  Highway  Commission. 

Acknowledgment  is  made  to  W.  B.  Stonebraker,  Assistant  Testing 
Engineer  of  the  California  Highway  Commission,  for  his  valuable  aid 
in  making  and  testing  the  specimens  and  in  compiling  the  data. 

Outline  of  Tests 

The  curing  experiments  were  made  on  7  by  10  by  38-in.  plain  con¬ 
crete  beams.  For  details  of  the  tests  see  Table  3.  The  beams  were 
made  out-of-doors  June  30  to  July  28,  1924.  Transverse  and  surface 

(4) 
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hardness  tests  were  made  on  the  beams  at  ages  of  3,  7,  14,  28  and  90 
days  in  the  Laboratory  of  the  Commission  at  Sacramento.  This  report 
covers  transverse  and  hardness  tests  on  518  beams  and  compression 
tests  on  175  cylinders  and  prisms. 

The  beams  were  cured  by  the  following  methods  upon  removal 
from  the  forms  after  16  to  24  hr. : 

(1)  Earth — 2  in.  of  earth  spread  over  the  beam  and  wet  twice 

daily  for  3,  7,  14,  26  and  88  days; 

(2)  Air  Curing — Top  of  beam  exposed  to  the  sun  without  pro¬ 

tection. 

(3)  Asphaltic  Paper — An  open-textured  paper,  heavily  impreg¬ 

nated  with  asphaltic  material  (thickness  about  fa  in>  weight 
about  26  oz.  per  sq.  yd.)  was  placed  as  follows: 

(a)  on  top  of  beam; 

(b)  on  bottom  and  top  of  beam. 

(4)  Commercial  Flake  Calcium  Chloride — 1  y2,  2,  2l/z,  3  or  5  lb. 
per  sq.  yd., spread  over  top  of  beam. 

A  chemical  analysis  of  the  calcium  chloride  showed 
72.0%  calcium  chloride,  0.4%  magnesium  chloride,  0.8% 
sodium  chloride  and  26.7%  water  of  crystallization. 

(5)  Commercial  Sodium  Silicate — (41°  Baume,  Na20  :Si02= 

1  :3.25)  applied  to  top  of  beam  with  a  brush : 

(a)  undiluted,  one  application; 

(b)  1  volume  silicate  to  1^4  volumes  water,  3  applica¬ 
tions  ; 

(c)  1  volume  silicate  to  3  volumes  water,  3  applications. 

For  several  of  the  curing  conditions,  concrete  containing  an 
admixture  of  2%  calcium  chloride  by  weight  of  cement  was  tested. 

Ball-indentation  tests  were  made  on  half  beams  after  the  trans¬ 
verse  tests  to  obtain  information  on  the  hardness  of  the  cured  surface. 
This  test  consisted  of  measuring  the  load  required  to  embed  a  ^2-in. 
steel  ball  in  the  top  of  the  beam  to  a  depth  of  its  diameter. 

In  order  to  check  the  quality  of  the  concrete,  6  by  12-in.  cylinders 
were  made  for  test  in  compression  at  28  days;  a  few  cylinders  were 
tested  at  7,  14  and  90  days. 

In  addition  to  the  tests  outlined  above,  twenty  7  by  10  by  38-in. 
beams  and  twenty  6  by  12-in.  prisms  were  made  in  the  field  from  the 
concrete  being  placed  in  a  pavement  near  Sacramento.  After  1  d^y 
in  the  form,  these  beams  and  prisms  were  removed  to  the  curing  yard 
where  they  were  cured  with  moist  earth  until  1  day  before  test  or  with 
calcium  chloride  and  tested  at  28  days. 
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Materials  and  Test  Pieces 

Cement — Portland  cement  (A)  purchased  from  dealer’s  warehouse 
at  Sacramento  was  used ;  each  of  the  two  lots  was  from  fresh  stock 
(See  Table  1). 

Aggregate — The  fine  aggregate  was  a  well-graded,  washed  sand 
from  Livermore,  Calif.,  ranging  in  size  from  0  to  No.  4  sieve.  When 
rodded  into  a  cylindrical  measure  having  a  height  equal  to  diameter  it 
weighed  dry,  110.3  lb.  per  cu.  ft.;  dry  sand  measured  loose  weighed 
103.5  lb.  per  cu.  ft.  The  coarse  aggregate  was  washed  gravel  graded 
from  No.  4  to  1^2  in.  from  Natomas,  Calif.  Weight  113.6  lb.  per  cu.  ft. 
dry  and  rodded,  and  105.4  dry  and  loose.  The  aggregates  were  dried 
in  the  sun  before  use;  data  of  tests  are  given  in  Table  2. 

Mixing  Water — The  water  used  for  mixing  the  concrete  was  from 
the  Sacramento  City  supply. 

Concrete — The  cement  and  aggregates  were  proportioned  by  vol- 
lume,  one  volume  of  cement  to  4.1  volumes  of  mixed  aggregate 
measured  dry  and  rodded,  which  was  equivalent  to  a  1-2. 1-2.8  mix  by 
separate  volumes,  dry  and  rodded,  or  1-2.2-3.0  by  volume,  dry  and 
loose.  This  mix  required  6  sacks  of  cement  per  cubic  yard  of  finished 
concrete,  the  minimum  permitted  by  the  California  Highway  Commis¬ 
sion  Specifications  for  Concrete  Pavements. 

The  quantities  of  cement,  aggregate  and  water  for  each  batch  were 
determined  by  weight.  The  usual  batch  consisted  of  cement,  156  lb.; 
dry  sand,  378  lb. ;  dry  gravel,  522  lb. ;  and  water,  87  lb.  The  wet  con¬ 
crete  weighed  about  152  lb.  per  cu.  ft. 

Mixing  Concrete — The  concrete  was  mixed  for  3  minutes  in  a 
barrel-type  batch  mixer  of  about  6  cu.  ft.  capacity.  (See  Fig.  3.) 
Calcium  chloride,  when  used  as  an  admixture,  was  dissolved  in  the 
mixing  water.  The  concrete  was  discharged  from  the  mixer  onto  a 
water-tight,  wooden  platform  from  which  it  was  placed  in  the  forms 
with  shovels. 

Consistency  of  Concrete — The  consistency  of  the  concrete  was 
about  that  generally  used  in  the  construction  of  machine-finished  con¬ 
crete  pavements  (6.3  gal.  of  water  per  sack  of  cement;  water-ratio, 
ratio  of  volume  of  mixing  water  to  volume  of  cement,  0.84).  “Flow” 
and  “slump”  tests  for  workability  were  made  on  each  batch  of  concrete 
before  depositing  in  the  forms.  The  dimensions  of  the  truncated  cone 
used  in  the  flow  test  were  6}4  in.  top  diameter,  10  in.  bottom  diameter, 
and  height  5  in.  The  base  diameter  of  the  mass  of  concrete  after  the 
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test,  expressed  as  a  percentage  of  the  original  diameter  is  the  flow.  The 
consistency  was  such  as  would  give  a  flow  of  about  150  on  the  flow 
table  (Fig.  3)  using  fifteen  )4- in.  drops  in  about  10  seconds.  The 
slump  corresponding  to  a  flow  of  150  was  about  1)4  in.  In  a  few  tests 
10  and  25%  more  mixing  water  was  used  (water-ratio  0.93  and  1.05). 

Test  Pieces — The  curing  tests  were  made  on  plain  concrete  beams 
7  in.  deep,  10  in.  wide  and  38  in.  long.  The  beams  were  made  and 
cured  in  the  open  in  a  large,  exposed  yard  near  the  Highway  Lab¬ 
oratory  (See  Fig.  1). 

Most  of  the  beams  were  cast  in  5-gang  wood  molds  resting  on  level 
wood  platforms ;  both  molds  and  platforms  were  kept  well  oiled.  The 
concrete  was  placed  in  two  layers,  each  layer  being  tamped  with  a  light 
wooden  tamper  having  a  3  by  3-in.  face.  A  blunt-pointed  trowel  was 
used  to  spade  the  sides  and  finish  the  top  surface  of  the  beams.  As 
soon  as  the  concrete  had  begun  to  set  the  beams  were  covered  with  bur¬ 
lap  which  was  kept  wet  until  the  forms  were  removed  after  16  to  24  hr. 

Upon  removal  from  the  forms  the  beams  were  weighed  and  then 
placed  on  the  ground  on  asphaltic  building  paper  (except  as  noted  in 
Tables  3  and  4)  which  was  extended  up  the  ends  of  the  beams  and  the 
sides  of  the  outer  two  beams  of  each  group  (See  Fig.  1)  and  banked 
with  dry  earth.  As  a  further  precaution  against  loss  of  moisture,  the 
longitudinal  cracks  between  adjacent  beams  were  sealed  with  paraffin, 
except  in  the  case  of  beams  cured  with  wet  earth  or  paper.  The  cur¬ 
ing  agents  were  applied  as  soon  as  the  beams  were  in  place  on  the 
ground. 

The  beams  cured  with  calcium  chloride  were  placed  at  one  end  of 
the  curing  yard,  200  to  300  ft.  from  those  cured  with  wet  earth.  The 
wet  earth  covering  the  tops  of  beams  cured  by  this  means  was  removed 
as  soon  as  the  period  of  wetting  was  over  and  the  tops  left  exposed  to 
the  sun  until  time  of  test. 

Fifteen  beams  (Ref.  30)  were  molded  in  concrete  forms  and 
covered  with  burlap  kept  wet  16  to  24  hr.  when  they  were  cured  in 
the  forms  with  calcium  chloride.  The  forms  were  cast  on  the  ground 
and  the  bottoms  leveled  with  sand  and  covered  with  asphaltic  paper 
before  placing  the  concrete.  These  forms  were  made  of  lean  concrete 
which  could  readily  be  broken  away  when  the  beams  were  removed  for 
test  (See  Fig.  2). 

In  general,  4  beams  and  one  6  by  12-in.  concrete  cylinder  for  test 
at  28  days  was  made  from  each  batch  of  concrete.  From  several 
batches  additional  cylinders  were  made  for  test  at  7,  14  and  90  days. 
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Weather  Conditions 

The  weather  at  Sacramento  was  clear  and  hot  during  July,  August, 
September  and  October  when  the  tests  were  made.  The  prevailing 
wind  was  from  the  south;  average  velocity  about  9  miles  per  hour. 
There  was  some  rain  in  the  early  part  of  Ootober  when  several  of  the 
90-day  beams  were  curing.  In  order  to  maintain  the  desired  curing 
conditions,  beams  cured  by  other  methods  than  wet  earth  were  covered 
with  tarpaulins  during  rain. 

The  maximum  and  minimum  daily  temperatures  and  relative 
humidity  during  the  tests,  as  reported  by  the  Sacramento  Station  of  the 
U.  S.  Weather  Bureau,  are  shown  in  Fig.  5.  The  average  maximum 
and  minimum  temperatures  were : 


Temperature.  °F. 

July 

Aug. 

Sept. 

Oct.  (1  to  22) 

88.5 

88.3 

86.0 

70.0 

*  ”  Min . 

55.9 

56.2 

55.7 

51.0 

The  temperature  in  the  sun,  taken  1  ft.  above  the  ground,  was 
about  10°  higher  than  the  Weather  Bureau  temperatures  which  were 
taken  in  the  shade  at  the  top  of  the  Postoffice  building  106  ft.  above 
ground. 

The  average  daily  maximum  and  minimum  temperatures  taken 
with  thermometers  placed  between  the  beams  were  as  follows : 


Temperature  of  Beams,  °F. 


MethocTof  Curing 

July 

Aug. 

Sept. 

Oct.  (1  to  22 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

90 

74 

93 

75  • 

90 

74 

78 

74 

74 

62 

76 

65 

75 

62 

61 

53 

95 

80 

90 

74 

83 

69 

69 

61 

"  “  “  top  and  bottom . 

94 

*79 

90 

74 

83 

69 

69 

61 

The  relative  humidity  was  highest  during  the  night  and  early  morn¬ 
ing  and  gradually  decreased  as  the  temperature  rose  during  the  day 
(See  Fig.  6) .  The  average  relative  humidities  reported  by  the  Weather 
Bureau  were: 


Hour  of  Day 

Relative  Humidity,  per  cent 

July 

Aug. 

Sept. 

Oct.  (1  to  22) 

76.8 

76.1 

65.2 

80.3 

42.1 

41.8 

34.9 

62.3 

5  p.m . 

28.8 

29.2 

24.6 

52.0 

On  several  days  the  relative  humidity  in  the  afternoon  was  less 
than  20%  (Temp.  95  to  105°  F.).  Fig.  6  shows  typical  temperatures 
and  humidities  for  6  different  days  in  July. 
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Methods  of  Testing 

Transverse  Tests — All  beams  were  removed  from  the  place  of 
curing  1  day  before  test,  weighed  and  then  permitted  to  dry  until 
tested.  The  transverse  tests  were  made  in  a  200,000-lb.  universal  test¬ 
ing  machine  with  the  cured  surface  in  tension.  The  load  was  applied 
at  the  Yz  points  of  a  36-in.  span;  one  end  rested  on  a  steel  roller  and 
the  other  on  a  spherical  bearing  block. 

The  flexural  strength  of  the  concrete  was  measured  by  the  modulus 
of  rupture  (the  tensile  stress  developed  by  beam  action)  and  calculated 
from  the  relation : 


where  R  ==  Modulus  of  rupture, 

W  =  Total  applied  load, 

L  —  Span  length, 
b  =  Width  of  beam, 
d  ==  Depth  of  beam. 

The  beams  generally  failed  near  the  middle  or  between  the  middle 
and  a  load  point.  A  record  was  made  of  the  depth  of  penetration  of 
the  calcium  chloride  and  sodium  silicate  which  was  readily  observable 
at  the  fractured  section ;  note  was  also  made  of  the  extent  to  which 
the  concrete  dried  out. 

Surface  Hardness  ests — After  the  transverse  tests,  indentation 
tests  were  made  on  the  cured  surface  of  the  beams  by  loading  a  }/2-in. 
steel  ball  until  it  was  embedded  in  the  concrete  a  depth  of  half  its 
diameter  or  %  in.  A  steel  plate,  2lY  in.  square  and  %  in-  thick,  with  a  • 
hole  just  large  enough  to  accommodate  the  ball  prevented  a  penetration 
greater  than  *4  in.*  2  to  4  tests  were  made  on  each  beam.  A  50,000-lb. 
hydraulic  testing  machine  was  used  (See  Fig.  4). 

Compression  Tests — The  6  by  12-in.  cylinders  after  1  day  in  the 
molds  were  cured  outdoors  in  damp  sand.  They  were  removed  from 
the  sand  1  day  before  test  and  permitted  to  air  dry.  The  6  by  12-in. 
concrete  prisms  from  the  road  job  were  cured  as  indicated  in  Table  6. 

The  cylinders  and  prisms  were  tested  in  a  200,000-lb.  machine. 
Data  are  given  in  Tables  4  to  6  and  Fig.  11. 

Miscellaneous  Tests — Tests  were  carried  out  in  sun  and  shade  on: 

( 1 )  Evaporation  of  water  and  of  calcium  chloride  solutions ; 

(2)  Evaporation  of  water  from  concrete  of  different  consistencies ; 

(3)  Behavior  of  flake  calcium  chloride  on  non-absorbent  surfaces, 

and  on  concrete  of  different  consistencies. 

*See  “Ball  Tests  Applied  to  Cement  Mortar  and  Concrete,”  by  R.  B.  Crepps  and 
R.  E.  Mills,  Bulletin  12,  Eng.  Exp.  Station,  Purdue  Univ.,  Lafayette,  Ind.,  May,  1923. 
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Data  of  Tests  and  Discussion 

Tables  1  to  7  give  the  data  of  tests ;  the  principal  data  are  given  in 
Tables  3,  4  and  6.  The  results  are  shown  graphically  in  Fig.  5  to  13. 

Basis  of  Comparison  of  Different  Curing  Methods — The  relative 
merits  of  the  different  methods  of  curing  were  judged  by  comparing 
the  flexural  strengths  as  measured  by  the  moduli  of  rupture  and  the 
surface  hardness  as  measured  by  the  indentation  loads  with  those 
obtained  for  wet-earth  curing  at  corresponding  ages.  No  wear  tests  of 
the  concrete  were  made;  investigations  carried  out  by  the  U.  S.  Bureau 
of  Public  Roads  have  shown  that  surface  wear  under  rubber-tired 
vehicles  is  not  important*  Principal  consideration  was  given  to  the 
flexural  strength  and  to  beams  made  from  concrete  of  water-ratio  0.84 
without  admixture  of  calcium  chloride.  As  pointed  out  below,  the 
moduli  of  rupture  of  beams  cured  with  2  in.  earth  wet  7  and  14  days 
(Ref.  11  and  7,  Table  3)  were  essentially  the  same  and  the  average 
values  for  these  two  curing  conditions  were  used  as  the  standard  of 
comparison  instead  of  the  values  for  14-day  wet-earth  curing,  as  was 
originally  intended ;  for  beams  tested  at  3  days  the  modulus  of  rupture 
for  3-day  wet-earth  curing  (Ref.  13)  was  used  as  the  basis  of 
comparison.  The  efficiency  of  the  different  methods  of  curing  are  com¬ 
pared  by  their  “strength-ratios,”  that  is,  the  ratios  of  the  moduli  of 
rupture  for  a  given  condition  to  those  for  the  standard  condition 
expressed  as  percentages. 

Wet-Earth  Curing — Curing  with  wet  earth  gave  the  best  results  of 
the  methods  used.  (See  Tables  3  and  4  and  Fig.  7,  8  and  9.)  The 
moduli  of  rupture  for  curing  with  earth  wet  twice  daily  for  3  to  88 
days  were  as  follows : 


Ref. 

Curing 

Modulus  of  Rupture, 
lb.  per  sq.  in. 

Strength-Ratio, 
per  cent 

3d. 

7d. 

14d. 

28d. 

90d. 

3d. 

7d. 

14d. 

28d. 

90d. 

11 

445 

480 

530 

605 

100 

102 

99 

101 

7 

2  •  *  *  14  “  . 

460 

540 

595 

98 

101 

99 

445 

470 

535 

600 

100 

100 

100 

100 

13 

2  in.  earth  wet  3  days . 

340 

435 

490 

505 

565 

100 

98 

104 

94 

94 

ai 

2  “  *  *26“  . 

510 

95 

32 

2  *  *  *  88  *  . 

485 

si 

The  values  of  modulus  of  rupture  taken  as  the  standard  of  com¬ 
parison  are  the  average  of  the  values  for  Ref.  7  and  1 1 ;  it  will  be  seen 
that  these  beams  gave  essentially  the  same  strengths  at  the  different 
ages.  The  modulus  of  rupture  for  Ref.  13  at  3  days  (340  lb.  per  sq.  in.) 

•“Accelerated  Wear  Tests  of  Concrete  Pavements,”  by  F.  H.  Jackson  and  J.  T.  Pauls; 
Proc.  Am.  Soc.  for  Testing  Materials,  v.  24,  part  2,  p.  864,  1924. 
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was  used  as  the  basis  of  comparison  for  beams  tested  at  3  days. 
The  close  agreement  between  the  3-day  wetting  and  the  7-  and  14-day 
should  be  noted.  The  maximum  difference  (at  28  and  90  days)  was 
only  6%. 

The  modulus  of  rupture  of  the  90-day  beams  cured  with  earth 
wet  for  88  days  was  lower  than  that  of  beams  wet  for  3  to  14  days, 
due,  no  doubt,  to  the  fact  that  they  were  damp  when  tested;  concrete 
tested  in  a  damp  condition  is  weaker  than  similar  concrete  tested  dry. 

There  was  a  steady  increase  in  modulus  of  rupture  with  age  of  the 
concrete.  Concrete  kept  wet  for  7  days  attained  84%  of  its  28-day 
strength  at  7  days,  91%  at  14  days  and  114%  at  90  days.  In  view  of 
the  close  agreement  between  the  strengths  for  wet-earth  curing  for  3, 
7  and  14  days  and  of  the  small  gain  in  strength  from  14  to  21  days 
(about  4%)  it  would  seem  that  so  far  as  flexural  strength  is  concerned, 
concrete  pavements  kept  wet  for  7  days,  when  the  temperature  is  70°  F. 
or  higher,  might  safely  be  opened  to  traffic  after  14  days  instead  of 
after  21  days  or  more  as  is  usually  specified. 

The  ratios  of  moduli  of  rupture  of  beams  to  compressive  strengths 
of  6  by  12-in.  cylinders  from  concrete  of  the  same  mix  and  water-ratio, 
similarly  cured  in  a  damp  condition  were  as  follows :  7  days,  16% ;  14 
days,  14%  ;  28  days,  13%  ;  90  days,  13% 

Air  Curing — As  might  be  expected,  the  lowest  moduli  of  rupture 
were  generally  obtained  from  the  beams  the  top  sufaces  of  which  were 
exposed  to  the  weather  (but  protected  from  rain)  upon  removal  from 
the  molds  (air  curing).  The  moduli  for  these  beams  were : 


Ref. 

Curing 

Modulus  of  Rupture, 
lb.  per  sq.  in. 

Strength-Ratio, 
per  cent 

3d. 

7d. 

14d. 

28d. 

90d. 

3d. 

7d. 

14d. 

28d. 

90d. 

1 

Air  Curing . 

295 

345 

365 

385 

435 

87 

78 

78 

72 

73 

Relatively,  the  increase  in  strength  up  to  90  days  for  air  curing 
was  about  the  same  as  for  moist-earth  curing.  It  is  interesting  to  note 
that  beams  kept  wet  for  as  short  a  period  as  3  days  after  removal  from 
the  forms  gave  about  30%  higher  flexural  strength  at  90  days  than  air- 
cured  beams. 

Curing  with  Sodium  Silicate — The  sodium  silicate  was  applied  to 
the  tops  of  the  beams  with  a  brush.  It  did  not  penetrate  the  concrete, 
but  formed  a  very  thin  film  on  the  surface  which  became  quite  hard 
after  about  5  days.  This  film  did  not  prevent  the  beams  from  drying 
out;  they  lost  nearly  as  much  moisture  as  air-cured  beams  and,  when 
tested,  the  concrete  at  the  fractured  section  appeared  to  be  dry. 
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The  strength-ratios  for  beams  cured  with  undiluted  sodium  silicate 
(Ref.  27)  were  about  75%  at  all  ages ;  practically  the  same  as  those  for 
air-cured  beams  (Ref.  1).  The  diluted  solutions  of  silicate  (Ref.  28 
and  29)  gave  essentially  the  same  results  as  the  undiluted  in  both  the 
transverse  and  hardness  tests.  Sodium  silicate  was  of  no  value  as  a 
curing  agent  for  concrete  in  a  hot,  semi-arid  climate. 

Curing  with  Asphaltic  Paper — The  moduli  of  rupture  for  beams 
with  asphaltic  paper  on  top  only  (Ref.  3,  water-ratio  0.84)  ranged  from 
400  at  7  days  to  465  lb.  per  sq.  in.  at  90  days  and  lie  between  those  for 
wet-earth  curing  and  air  curing;  they  correspond  closely  with  the 
values  obtained  with  calcium  chloride,  2)4  lb.  per  sq.  yd.  (See  Fig.  8). 
Paper  top  and  bottom  (Ref.  4,  water-ratio  0.84)  gave  7%  higher 
moduli  of  rupture  at  ages  of  7  and  28  days  than  paper  on  top  only,  but 
at  90  days  approximately  the  same  values  were  obtained.  In  no  case 
were  the  moduli  of  rupture  for  paper  curing  as  great  as  for  wet-earth 
curing.  The  strength-ratios  for  this  method  of  curing  averaged  92% 
at  7  days  and  78%  at  90  days. 

The  ends  of  the  paper  and  places  where  laps  occurred  were  covered 
with  dry  earth  to  prevent  escape  of  moisture.  When  the  beams  were 
removed  for  test  at  ages  up  to  28  days,  considerable  moisture  was 
observed  on  the  lower  paper  and  large  drops  of  water  were  frequently 
found  on  top  of  the  beams,  indicating  that  the  moisture  removed  from 
the  concrete  by  evaporation  was  caught  and  retained  by  the  paper. 
With  paper  on  top  only,  there  was  moisture  on  top  of  beam  but  not 
underneath.  When  the  beams  were  taken  from  the  paper  after  90  days 
there  were  no  indications  of  moisture  either  on  the  top  of  the  beam  or 
on  the  paper;  at  this  age  the  beams  appeared  to  be  well  dried  out. 
Apparently  the  paper  prevented  premature  drying  of  the  concrete, 
which  accounts  for  the  relatively  high  moduli  of  rupture  at  early  ages. 
Table  4  also  shows  that  the  loss  in  weight  of  beams  with  paper  top  and 
bottom  was  generally  less  than  that  of  beams  with  paper  on  top  only. 

Calcium  Chloride  Curing— Beams  Ref.  15  to  26  apd  30  were  cured 
with  flake  calcium  chloride  spread  over  the  surface.  Generally  2)4  lb. 
per  sq.  yd.  was  used.  This  is  the  quantity  usually  specified  for  curing 
concrete  pavements.  The  moduli  of  rupture  for  beams  molded  in  con¬ 
crete  and  wood  forms  and  cured  with  calcium  chloride,  2)4  lb.  per. 
sq.  yd.,  were : 


Ref. 

Forms 

Modulus  of  Rupture, 
lb.  per  sq.  in 

Strength-Ratios, 
per  cent 

3d. 

7d. 

14d. 

28d. 

90d. 

3d. 

7d. 

14d. 

28d. 

90d. 

17 

370 

390 

410 

415 

495 

109 

88 

87 

78 

83 

30 

Concrete . 

470 

470 

535 

100 

88 

89 
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The  strength-ratio  for  Ref.  17  was  109%  at  3  days,  but  was  less 
than  100%  at  later  ages  and  at  90  days  was  83%.  The  strength-ratios 
for  beams  molded  and  cured  in  concrete  forms  were  higher  than  for 
those  molded  in  wood  forms  at  corresponding  ages — 100%  at  14  days 
and  89%  at  90  days. 

In  general,  2*4  lb.  per  sq.  yd.  of  calcium  chloride  gave  the  best 
results.  With  less  than  2^  lb.  and  with  3  and  5  lb.  there  was  a  slight 
reduction  in  strength. 

The  strength-ratios  for  beams  having  the  calcium  chloride  washed 
off  after  3  hr.  were  essentially  the  same  as  for  air-cured  beams ;  when 
washed  off  after  1  day,  the  strength-ratios  were  about  the  same  as 
when  not  removed. 

Beams  placed  on  wet-earth  subgrade  and  cured  with  2 ^2  lb.  cal¬ 
cium  chloride  (Ref.  21)  gave  essentially  the  same  strength-ratios  at  14 
and  28  days  as  beams  cured  in  the  standard  manner  on  paper  (Ref.  17)  ; 
beams  placed  on  dry-earth  subgrade  (Ref.  22)  gave  lower  strength- 
ratios  (almost  identical  with  those  for  air-cured  beams  at  14  and 
28  days). 

Tests  of  Concrete  from  Road  Job — Table  6  and  Fig.  11  give  data 
of  tests  on  20  beams  and  20  prisms  made  from  10  different  batches  of 
concrete  sampled  during  the  laying  of  about  230  lineal  ft.  of  20-ft. 
pavement  near  Sacramento.  The  same  reference  numbers  are  used  for 
the  2  beams  and  2  prisms  made  from  each  batch  sampled.  The  con¬ 
crete  contained  6  sacks  of  cement  (portland  B)  per  cubic  yard,  average 
slump  2.8  in.  After  one  day  in  the  forms,  the  specimens  were  removed 
to  the  curing  yard.  Ten  of  each  type  of  specimen  were  cured  with 
earth  wet  twice  daily  for  26  days  and  10  by  spreading  2>4  lb.  flake 
calcium  chloride  per  sq.  yd.  over  the  surface.  Immediately  after  the 
28-day  transverse  tests  of  the  specimens  cured  by  wet  earth,  one  half 
of  each  beam  was  treated  with  a  1  to  4  solution  of  sodium  silicate 
applied  on  each  of  3  successive  days  and  exposed  to  the  weather;  the 
other  half  was  exposed  to  the  weather  untreated.  Surface  hardness 
tests  were  made  after  28  days  (age  56  days).  See  Table  6. 

The  modulus  of  rupture  at  28  days  for  wet-earth  curing  ranged 
from  365  to  470  and  averaged  425  lb.  per  sq.  in. ;  for  calcium  chloride 
curing  from  290  to  385  and  averaged  350  lb.  per  sq.  in. — 82%  of  wet- 
earth  curing. 

The  compressive  strength  of  prisms  cured  with  wet  earth  ranged 
from  2950  to  3680,  average  3420  lb.  per  sq.  in. ;  for  calcium  chloride 
curing  from  2070  to  3180,  average  2680  lb.  per  sq.  in. — 78%  of  wet- 
earth  curing.  About  the  same  strength-ratio  was  obtained  in  both 
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transverse  and  compression  tests  which  would  no  doubt  have  been 
lower  if  the  specimens  cured  with  wet  earth  had  been  permitted  to  air 
dry  longer  before  testing. 

Further  Discussion  of  Calcium  Chloride  Curing — These  tests 
afforded  an  opportunity  to  study  the  behavior  of  calcium  chloride  as  a 
curing  agent  in  a  hot,  semi-arid  climate.  The  calcium  chloride  used  was 
the  commercial  salt  containing  about  72%  of  anhydrous  calcium 
chloride,  27%  of  water  of  crystallization,  and  small  amounts  of  magne¬ 
sium  and  sodium  chloride. 

The  action  of  calcium  chloride  was  influenced  greatly  by  the 
atmospheric  conditions.  The  moisture  attracted,  collected  in  large 
drops  and  in  general,  was  not  distributed  so  as  to  cover  the  entire  sur¬ 
face  of  the  beam.  The  practice  was  to  brush  the  moisture  taken  up 
by  the  calcium  chloride  uniformly  over  the  surface  of  the  beam.  On 
days  when  the  relative  humidity  was  low  and  temperature  high,  the 
calcium  chloride  deliquesced  very  slowly;  in  such  cases  there  was 
opportunity  for  considerable  drying  of  the  concrete.  Moisture  was 
generally  attracted  during  the  night  when  the  humidity  was  high. 

Although  the  data  are  not  definite  they  indicate  that,  at  a  tempera¬ 
ture  of  about  90°  F.,  deliquescence  took  place  very  slowly  when  the 
relative  humidity  was  lower  than  about  40%.  Even  at  this  relative 
humidity,  evidence  of  the  deliquescence  of  calcium  chloride  placed  in 
a  metal  pan  near  the  beams  was  not  always  perceptible. 

The  moisture  attracted  to  the  beam  evaporated  gradually  during 
the  day,  but  at  night  moisture  was  again  taken  up.  In  general,  little 
if  any  moisture  was  noted  on  the  surfaces  of  beams  4  days  after  appli¬ 
cation  of  less  than  2 ^  lb.  per  sq.  yd.  of  calcium  chloride.  Beams  cured 
with  2 Yi  to  5  lb.  were  dry  after  about  the  5th  day.  The  moisture  dis¬ 
appeared  from  the  surfaces  of  beams  cured  in  concrete  forms  as  quickly 
as  from  beams  cured  in  the  standard  manner.  No  difference  in  action 
of  the  calcium  chloride  was  observed  for  beams  of  concrete  with  water- 
ratios  0.93  and  1.05,  as  compared  with  those  of  water-ratio  0.84. 

Auxiliary  tests  and  observation  showed  that  part  of  the  moisture 
attracted  by  the  calcium  chloride  was  taken  from  the  concrete,  but  the 
exact  amount  taken  from  this  source  was  not  determined.  * 

Measurements  of  the  depth  of  penetration  of  the  calcium  chloride 
into  the  concrete  were  made  after  the  transverse  tests.  In  general,  the 
penetration  was  about  ^  in.  In  a  few  cases,  penetrations  up  to  fa  in. 
were  observed.  Chemical  analyses  of  borings  from  the  beams  con¬ 
firmed  the  above  measurements. 
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Effect  of  Quantity  of  Mixing  Water — Forty  beams  contained  10% 
and  20  beams  contained  25%  more  mixing  water  than  the  usual  amount. 
For  curing  with  earth  wet  14  days  the  modulus  of  rupture  at  14  days 
was  not  lowered  by  the  addition  of  10  and  25%  more  mixing  water;  at 
28  days  it  was  reduced  10  and  16%  respectively. 

Beams  containing  10%  additional  mixing  water  and  cured  with 
paper  gave  about  4%  lower  moduli  of  rupture  at  14  days  and  about  7% 
lower  at  28  days  than  similarly  cured  beams  containing  the  usual 
amount  of  water.  For  calcium-chloride  curing,  beams  containing  10 
and  25%  more  than  the  usual  amount  of  mixing  water  gave  about  7% 
lower  moduli  of  rupture  at  14  days  and  15%  lower  at  28  days. 

Calcium  Chloride  as  an  Admixture  in  Concrete — In  110  beams  and 
37  cylinders,  2%  calcium  chloride  (in  terms  of  weight  of  cement)  was 
dissolved  in  the  mixing  water  in  order  to  obtain  information  on  the 
effect  of  this  percentage  of  calcium  chloride  on  the  flexural  strength 
of  the  concrete  at  early  ages. 

For  air-cured  and  calcium  chloride-cured  beams  containing  the 
2%  admixture,  the  moduli  of  rupture  at  3  days  were  about  4%  higher 
than  for  similarly  cured  concrete  without  admixture.  Beams  contain¬ 
ing  calcium  chloride  which  were  cured  by  covering  with  wet  earth  gave 
slightly  lower  strength  at  3  days  than  beams  without  admixture  and 
similarly  cured.  Although  the  data  in  Table  4  show  that  there  was 
less  evaporation  of  mixing  water  from  the  concrete  containing  calcium 
chloride,  in  these  tests  the  addition  of  2%  calcium  chloride  had  little 
if  any  beneficial  effect  on  early  flexural  strength.  In  considering  these 
results  it  should  be  borne  in  mind  that  only  one  percentage  of  calcium 
chloride  and  one  brand  of  cement  was  used;  different  cements  respond 
in  different  degree  to  calcium  chloride  as  an  admixture.  Furthermore, 
the  high  temperatures  which  prevailed  during  early  curing  would  tend 
to  increase  the  early  strength  of  the  concrete  and  thus  may  have  mini¬ 
mized  the  effect  of  the  calcium  chloride.  Earlier  and  more  comprehen¬ 
sive  tests  on  different  cements  by  the  Structural  Materials  Research 
Laboratory*  showed  about  40%  increase  in  compressive  strength  at  3 
days  and  about  30%  at  7  days  for  an  admixture  of  2  to  4%  calcium 
chloride  in  concrete  of  similar  quality. 

Age-Strength  Relation — Fig.  8  shows  the  relation  between  the 
modulus  of  rupture  of  concrete  and  age  for  the  more  important  curing 
conditions.  In  general,  there  was  an  increase  in  flexural  strength  with 
age  for  all  methods  of  curing;  paper  top  and  bottom  gave  a  relatively 
low  strength  at  90  days.  Thfe  following  table  shows  the  ratio,  for  each 

*See  “Calcium  Chloride  as  an  Admixture  in  Concrete,”  by  Duff  A.  Abrams;  Proc.  Am. 
Soc.  for  Testing  Materials,  v.  24,  part  2,  p.  781,  1924.  Bulletin  13,  Structural  Materials 
Research  Laboratory,  Lewis  Institute,  Chicago. 
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curing  method,  of  the  strength  at  each  age  to  the  28-day  strength 
obtained  by  that  method ;  these  ratios  should  not  be  confused  with  the 
strength  ratios  in  Table  3  which,  for  a  given  age,  are  based  on  the 
flexural  strength  of  beams  cured  with  earth  wet  7  or  14  days  at  that 
age: 


Ref. 

Curing 

Flexural  Strength,  Ratio  to 
28-day  Strength,  per  cent 

3d. 

7d. 

14d. 

28d. 

90d. 

67 

86 

97 

10.0 

112 

84 

91 

100 

114 

85 

100 

110 

67 

85 

91 

100 

112 

89 

91 

100 

103 

85 

91 

100 

94 

87 

91 

100 

98 

89 

90 

99 

100 

119 

100 

100 

114 

89 

90 

100 

100 

116 

77 

90 

95 

100 

113 

27 

G  1*  T  1  jm  i  j  |  onnliAotirtn 

87 

91 

100 

114 

The  3-  and  7- day  flexural  strengths  were  surprisingly  high  as  com¬ 
pared  with  the  28-day  strengths  due  probably  to  the  high  atmospheric 
temperatures  prevailing  during  the  tests  which  would  have  a  favorable 
influence  on  the  early  strength  of  the  concrete.  The  percentages  of  the 
28-day  strengths  were  approximately  the  same  at  all  ages  for  the  dif¬ 
ferent  methods  of  curing  except  calcium  chloride  which  generally  gave 
higher  values  than  the  other  methods. 

Hardness  Tests — Data  of  indentation  tests  made  to  determine  the 
hardness  of  the  cured  surfaces  of  the  beams  are  given  in  Tables  4  and  6 
and  in  Fig.  9  and  10.  Comparison  of  Fig.  8  and  9  shows  that  the 
indentation  tests  gave  indications  similar  to  the  transverse  tests,  in  that 
beams  which  gave  highest  flexural  strength  showed  the  greatest  surface 
hardness.  In  some  instances  there  appeared  to  be  little  if  any  increase 
in  surface  hardness  after  14  days. 

Beams  cured  with  earth  kept  wet  for  different  periods  withstood 
higher  indentation  loads  than  beams  cured  by  other  methods  with  the 
possible  exception  of  those  cured  with  paper.  The  indentation  load  for 
beams  cured  with  wet  earth  ranged  from  7500  lb.  at  3  days  to  about 
12,000  lb.  at  28  and  90  days.  The  indentation  loads  for  air-cured  con¬ 
crete  were  much  lower  than  those  for  wet-earth  curing.  Beams  cured 
with  paper  gave  indentation  loads  ranging  from  9700  lb.  at  7  days  to 
about  10,500  lb.  at  28  and  90  days.  Beams  cured  with  undiluted  sodium 
silicate  gave  the  lowest  indentation  loads  which  ranged  from  6900  lb. 
at  7  days  to  8700  lb.  at  90  days;  the  1  to  3  solution  gave  somewhat 
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better  results  that  the  1  to  ll/2  solution  and  the  undiluted  silicate.  The 
average  indentation  load  at  56  days  for  the  beams  from  the  road  job 
(Table  6)  which  were  treated  with  a  1  to  4  solution  of  sodium  silicate 
on  3  successive  days  was  about  20%  lower  than  that  of  untreated 
beams. 

For  calcium  chloride  curing  (Ref.  17)  the  indentation  loads  ranged 
from  6500  lb.  at  3  days  to  9500  lb.  at  90  days.  These  values  are  lower 
than  those  for  wet-earth  curing  and  are  approximately  the  same  as  for 
air  curing. 

For  the  same  curing  conditions,  beams  containing  2%  calcium 
chloride  admixture,  withstood  essentially  the  same  indentation  loads  as 
beams  without  admixture. 

The  indentation  load  averaged  about  21  times  the  modulus  of  rup¬ 
ture.  Fig.  10  shows  that  the  indentation  load  increased  approximately 
in  proportion  to  the  modulus  of  rupture. 

It  was  noted  that  there  was  considerable  variation  in  the  manner 
in  which  the  ball  penetrated  the  concrete  of  beams  cured  by  different 
methods.  Beams  cured  with  wet  earth  and  paper  generally  gave  clean- 
cut  indentations  and  concordant  tests,  while  beams  cured  with  calcium 
chloride  and  sodium  silicate  crumbled  and  spalled  and  gave  more  vari¬ 
able  results.  The  latter  two  methods  of  curing  produced  a  more  fri¬ 
able  surface,  particularly  at  the  early  ages. 

Change  in  Weight  of  Beams  During  Curing — Table  4  gives  the 
change  in  weight  of  the  beams  due  to  changes  in  water  content  during 
curing.  The  change  in  weight  is  based  on  the  average  weight  of  the 
beams  when  removed  from  forms  and  1  day  before  test,  expressed  as  a 
percentage  of  the  weight  of  mixing  water. 

In  Fig.  12  the  change  in  weight  of  beams  made  from  1-2.2-3.0  con¬ 
crete  of  water-ratio  0.84  without  admixture,  has  been  plotted  against 
modulus  of  rupture.  The  strength  of  the  concrete  bears  a  well-defined 
relation  to  the  loss  of  mixing  water  during  curing.  The  greater  the 
loss  of  water  the  lower  the  strength.  The  original  mixing  water  (6.3 
gal.  per  sack  of  cement)  was  apparently  ample,  if  not  allowed  to  evapo¬ 
rate,  to  provide  moisture  for  hydration  of  the  cement,  at  least  through 
the  90-day  curing  period. 

The  efficiency  of  any  curing  method  may  be.  measured  by  its  ability 
to  prevent  the  loss  of  mixing  water.  Wet  curing  supplies  moisture 
during  the  early  stages  of  hydration  in  sufficient  quantity  to  replace 
losses  due  to  evaporation  and  to  absorption  by  subgrade  and  is,  there¬ 
fore,  most  efficient.  Air-cured  beams  (Ref.  1)  showed  greatest  losses 
in  weight  and  greatest  reduction  in  strength.  The  loss  of  water  for 
this  method  of  curing  ranged  from  15%  at  3  days  to  33%  at  90  days. 
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The  loss  in  water  at  90  days  was  5.5%  for  both  7-  and  14-day  wet-earth 
curing.  Beams  which  were  kept  wet  for  26  and  88  days  showed  a  gain 
in  water  content  of  5.7  and  10.4%  respectively  and  gave  lower  strengths 
than  beams  wet  only  7  and  14  days  and  left  uncovered  in  the  sun  for 
82  and  75  days,  due,  no  doubt,  to  the  presence  of  free  moisture  in  the 
concrete  at  time  of  test.  For  like  conditions  of  curing,  moisture  in  the 
concrete  at  the  time  of  test  reduces  the  strength  below  that  obtained  for 
a  specimen  which  has  been  dried  out  before  test.* 

It  is  quite  likely  that  specimens  wet  26  days  and  88  days  would 
show  a  somewhat  higher  strength  at  1  year  or  more  than  specimens  wet 
only  7  and  14  days,  provided  the  latter  received  no  water  after  the  end 
of  the  curing  period.  Such  a  case  does  not  generally  occur  in  the  field 
as  rainfall  may  be  expected  to  provide  moisture  necessary  for  hydration 
after  the  expiration  of  the  first  90-day  period. 

Where  early  strength  is  required,  as  in  the  case  of  pavement  to  be 
opened  to  traffic,  the  tests  indicate  that  such  early  strength  can  best  be 
secured  by  keeping  the  pavement  wet  for  7  days  and  allowing  it  to  dry 
a  few  days  before  opening.  Sufficient  water  will  evidently  be  retained 
by  the  concrete  during  this  period,  to  carry  on  hydration  for  at  least  90 
days.  After  this  time,  occasional  rainfall  will  supply  moisture  for 
continued  hydration  which  will  resume  even  if  retarded  by  a  temporary 
lack  of  water  as  has  been  shown  by  previous  experiments. f 

Miscellaneous  Tests — Auxiliary  tests  were  made  in  order  to  secure 
more  detailed  information  on  the  phenomena  involved  in  the  early 
stages  of  air  and  calcium  chloride  curing.  Duplicate  tests  were  made 
on  the  change  in  weight  during  exposure  in  sun  and  shade  of  metal 
pans  or  glass  dishes  containing  the  following : 

(1)  Hydrant  water  and  1  to  1,  1  to  2  and  1  to  4  solutions  of  flake 

calcium  chloride; 

(2)  Flake  calcium  chloride  equivalent  to  2y2  and  5  lb.  per  sq.  yd. ; 

(3)  1-2.2-3.0  concrete  of  water-ratios  0.84,  0.93,  1.05  without  cov¬ 

ering  and  covered  with  flake  calcium  chloride  equivalent  to 

2y2  and  5  lb.  per  sq.  yd. 


‘“Relation  between  Methods  of  Curing  Concrete  Test  Specimens  and  their  Compressive 
Strength  at  28  Days,”  by  Howard  W.  Green,  Proc.  Am.  Soc.  for  Testing  Materials,  Vol.  XIX, 
1919,  p.  608. 

“Saturation  of  Concrete  Reduces  Strength  and  Elasticity,”  by  M.  B.  Lagaard;  Eng. 
News-Rec.,  v.  81,  p.  1908,  Nov.  14,  1918.  Cement  and  Eng.  News,  v.  31,  p.  23,  April,  1919. 

“Flexural  Strength  of  Plain  Concrete,”  by  D.  A.  Abrams;  Proc.  Am.  Concrete  Inst., 
Vol.  XVIII,  1922;  Bulletin  11,  p.  14,  Structural  Materials  Research  Laboratory. 

Discussion  by  F.  E.  Richart,  Proc.  Am.  Concrete  Inst.,  Vol.  XVIII,  1922,  p.  47. 

“Effect  of  Saturation  on  Strength  of  Concrete,”  by  J.  L.  Van  Ornum;  Trans.  Am.  Soc. 
Civil  Eng.,  v.  77,  p.  438,  1914. 

tSee  “Some  Tests  on  the  Effect  of  Age  and  Condition  of  Storage  on  the  Compressive 
Strength  of  Concrete,”  by  Harrison  F.  Gonnerman,  Proc.  Am.  Concrete  Institute,  1918,  p.  101. 
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The  period  of  observation  was  4  days  during  which  the  weight, 
temperature  and  humidity  were  recorded  4  times  daily.  The  tests  were 
repeated  during  each  of  4  weeks  and  as  the  results  were,  on  the  whole, 
very  consistent,  they  may  be  accepted  as  indicative  of  the  effects  under 
low  humidity  and  high  temperature.  The  shade  in  this  case  was  pro¬ 
vided  by  a  canvas  covering  over  a  frame,  closed  on  the  sides  and  open 
on  the  ends.  Data  of  the  tests  are  given  in  Table  7  and  Fig.  13. 

The  evaporation  of  the  fresh  water  was  very  high.  The  average 
loss  in  the  sun  in  4  days  from  2000  cc.  of  water  in  the  pans  was  nearly 
100% ;  the  average  loss  in  the  shade  was  about  65%. 

The  calcium  chloride  solutions  lost  water  and  the  flake  calcium 
chloride  took  up  water  until,  after  about  48  hr.,  the  resulting  solutions 
varied  similarly  with  the  changes  in  temperature  and  humidity,  the 
solutions  containing  the  smaller  amounts  of  calcium  chloride  respond¬ 
ing  more  quickly  to  these  changes.  (See  Fig.  13.) 

Concrete  of  1-2.2-3.0  mix  of  water-ratio  0.84  placed  in  metal  pans 
13^4  in.  in  diameter  and  exposed  in  sun  and  shade  lost  about  30%  of 
its  mixing  water  during  the  first  3  days  of  exposure.  The  rate  of  loss 
then  rapidly  diminished  and  the  total  loss  in  4  days  averaged  about 
35%.  It  is  probable  that  most  of  the  remainder  of  the  mixing  water 
was  present  partly  combined  in  hydrates  of  definite  chemical  composi¬ 
tion  and  partly  held  in  loose  chemical  combination.  These  tests  cor¬ 
roborate  the  results  of  the  beam  tests  in  which  beams  air  cured  for  90 
days  (Ref.  1)  lost  only  32.7%  of  the  mixing  water.  Beams  in  the  main 
series  which  were  kept  wet  for  3  days  after  removal  from  forms  lost 
only  7.1%  of  their  original  water  in  86  days  of  dry-air  curing. 

From  these  tests  it  appears  that,  in  a  hot,  dry  climate  unprotected 
concrete  of  the  quality  and  consistency  used  may  lose  Y  or  more  of  the 
original  mixing  water,  much  of  this  loss  occurring  in  the  first  few  days 
of  exposure.  For  such  concrete,  the  gain  in  flexural  strength  from  3  to 
90  days  was  about  60%  of  that  obtained  by  wetting  for  as  short  a 
period  as  3  days.  The  tests  indicate  that  if  the  moisture  can  be  con¬ 
served  even  during  the  first  few  days  most  of  the  mixing  water  becomes 
more  or  less  fixed  in  the  concrete  and  enough  will  be  provided  to  carry 
on  hydration  for  a  considerable  period.  This,  together  with  the  higher 
strength  shown  by  specimens  which  are  tested  dry,  apparently  explains 
the  relatively  high  strength  obtained  for  specimens  cured  with  earth 
wet  3  days  in  this  series  and  in  the  tests  reported  by  Clemmer  and 
Burggraf.*  •  t 

•The  Use  of  Calcium  Chloride  as  a  Curing  Agent  and  Accelerator  of  Concrete,”  Proceed¬ 
ings,  American  Soc.  for  Testing  Materials,  v.  23,  p.  296,  1923. 
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The  4-day  evaporation  losses  of  1 -2.2-3 .0  concrete  of  water-ratio 
0.84  exposed  in  metal  pans  and  covered  with  flake  calcium  chloride 
(Table  7  and  Fig.  13)  were  11.5%  of  the  water  content  for  the  2^2  lb. 
application  and  2%  for  the  5  lb.  application,  compared  with  35%  for 
concrete  without  calcium  chloride  covering.  The  uncovered  concrete 
continued  to  lose  water  with  lapse  of  time.  The  weight  of  the  calcium 
chloride  covered  specimens  fluctuated  in  much  the  same  manner  as  did 
the  flake  calcium  chloride  exposed  in  metal  pans;  the  curves  in  Fig.  13 
show  a  marked  similarity. 

Calcium  chloride  on  metal  took  up  moisture  from  the  atmosphere 
by  reason  of  its  deliquescent  properties.  During  the  hot  dry  periods 
of  each  day  it  yielded  up  a  portion  of  the  water  so  acquired.  Calcium 
chloride  on  the  surface  of  the  fresh  concrete  attracted  water  in  the 
same  manner  except  that  moisture  was  available  from  the  concrete  as 
well  as  the  air.  Although  deliquescence  took  place  in  varying  degrees, 
the  total  weight  of  the  specimens  continued  to  decrease.  What  is 
believed  to  be  a  fairly  accurate  estimate  of  the  amount  of  water 
removed  from  the  concrete  by  evaporation  and  by  the  calcium  chloride 
can  be  made  by  assuming  that  at  any  period  after  say,  24  hr.,  the  cal¬ 
cium  chloride  on  the  concrete  contained  the  same  quantity  of  water  as 
the  calcium  chloride  exposed  in  metal  pans.  On  this  basis  the  loss  in 
water  from  the  concrete  is  the  loss  in  weight  of  the  specimen  (concrete 
and  calcium  chloride  covering)  plus  the  quantity  of  water  held  by  the 
calcium  chloride  (assumed  to  be  same  as  obtained  in  the  tests  of  flake 
calcium  chloride  exposed  in  metal  pans).  The  net  changes  plotted  in 
Fig.  13  were  calculated  by  this  method.  Fig.  13  shows  that  there  was  a 
gradual  decrease  in  the  net  water  content  of  the  concrete  under  cal¬ 
cium  chloride,  totaling  about  20%  at  4  days.  The  water  which  had 
been  taken  up  by  the  calcium  chloride  was  present  on  the  surface  only ; 
the  body  of  the  concrete  was,  therefore,  in  the  same  condition  as  if  it 
had  been  air-dried. 

The  failure  of  calcium  chloride  curing  to  show  efficiency  even 
equal  to  3-day  wet  earth  curing  (in  a  hot,  dry  climate)  may  be  under¬ 
stood  if,  as  these  tests  indicate,  a  considerable  amount  of  the  mixing 
water  is  removed  from  the  concrete  by  the  calcium  chloride  during  the 
early  stages  of  the  curing  period. 

As  has  been  stated,  the  main  series  of  tests  and  the  auxiliary  tests 
were  conducted  under  severe  conditions  as  to  humidity  and  tempera¬ 
ture.  Fig.  13  shows  average  relative  humidity  and  temperature  during 
the  4  weeks  in  which  the  auxiliary  tests  were  under  way. 
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Table  1. — Tests  of  Cement 

Portland  cement  (A)  purchased  in  Sacramento.  Lot  1  purchased  June  30;  Lot  2  July  23,  1924.  93%  of  speci¬ 
mens  were  made  from  Lot  1. 

Tests  made  at  Lewis  Institute  in  accordance  with  the  Standard  Specifications  and  Tests  for  Portland  Cement  of  the 
American  Society  for  Testing  Materials. 


.  Chemical  Analtsis 

Each  value  is  the  average  of  2  analyses. 


Lot 

Silica 

(SiOz) 

Iron 

Aluminum 

Calcium  . 

Magnesium 

Sulphuric 

Loss 

Oxide 

(FezOs) 

Oxide 

(Al20.i) 

Oxide 

(CaO) 

Oxide 

(MgO) 

Anhydride 

(S03) 

on 

Ignition 

Residue 

1 

20.12 

4.01 

6.45 

63.16 

1.04 

1.59 

2.63 

0.19 

2 

20.10 

4.25 

6.45 

63.20 

1.03 

1.68 

2  92 

0.20 

Miscellaneous  Tests 

Each  value  is  the  average  of  2  tests. 


Fineness 

Residue 

Normal 
Consistency, 
per  cent 
by 

weight 

Time  of  Setting 

Soundness 

Lot 

Vicat  Needle 

Gillmore  Needle 

Test 

(over 

boiling' 

water) 

Mesh 

Sieve 

Initial 
hr.  min. 

Final 
hr.  min. 

Initial 
hr.  min. 

Final 
hr.  min. 

1 . 

19.8 

20  0 

23.5 

24  0 

4  00 

3  40 

7  50 

7  50 

5  40 

5  30 

9  30 

9  50 

O.K. 

2 . 

Compression  Tests  of  1-3  Standard  Sand  Mortar 


2  by  4-in.  cylinders  cured  in  water;  tested  damp. 

Each  value  is  the  average  of  5  tests  made  on  different  days. 


Lot 

Mixing 
Water, 
per  cent 

Compressive  Strength, 
lb.  per  sq.  in. 

Id. 

3d. 

7d. 

28d. 

1  yr. 

1 . 

10.5 

10.5 

560 

560 

1690 

1570 

2950 

2690 

4110 

4000 

4840 

4610 

2 . 

Table  2. — Tests  of  Aggregates 

Sieve  Analysis 

Each  sieve  analysis  is  the  average  of  10  samples  taken  on  different  days  during  making  of  beams. 


Number  or 
Size  of 
Sieve 


100 

48 

28 

14 

8 

4 


lj|  in. 

Fineness  Modulus* 


Size  of 

Square  Opening, 
inches 


.0058 

.0117 

.0232 

.046 

.093 

.185 

.37 

.75 

1.5 


Amount  Coarser  than  Each  Sieve, 
per  cent  by  weight 


Sand 

Pebbles 

Mixed  Aggregate, 
as  Used 

96 

100 

98 

86 

100 

94 

67 

100 

86 

43 

100 

76 

16 

99 

64 

0 

98 

56 

0 

93 

54 

0 

63 

36 

0 

2 

1 

3  08 

7.55 

5.65 

♦Sum  of  the  percentages  in  the  sieve  analysis,  divided  by  100, 


Miscellaneous  Tests 


Test 

Sand 

Pebbles 

Mixed 

Aggregate 

Unit  weight,  dry  and  rodded— lb.  per  cu.  ft 

110.3 

103.5 

Trace 

1.6 

113.6 

105.4 

132.5 

‘  dry  and  loose— lb.  per  cu.  ft. .  .  . 

Colorimetric,  for  organic  impurities . 

Silt,  per  cent  bv  weight . 
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Table  3— Modulus  of  Rupture  of  Concrete  Beams  Cured  Under  Different 

Conditions 

% 

Transverse  tests  of  7  by  10  by  38-in.  beams  loaded  at  Y  points  of  36-in.  span. 

Mix  1-4.1  by  volume  (1-2.2-3.0  mix  by  separate  volumes,  aggregates  dry  and  loose). 

Aggregates:  sand  and  pebbles  graded  0-lY  in-  (F.M.  =  6.66). 

Cement:  Portland  (A)  purchased  in  Sacramento.  . 

Consistency:  about  that  used  in  construction  of  machine-finished  concrete  pavements.  (Flow  about  160,  slump 
about  \Vi  in.).  For  a  few  conditions,  10  and  25  per  cent  more  water  used. 

Machine-mixed  concrete,  4  beams  to  a  batch. 

Beams  except.  Ref.  30,  molded  in  oiled  wood  forms  and  covered  with  burlap  kept  wet  until  forms  were  removed 
after  16  to  24  hr  when  they  were  placed  on  ground  on  asphaltic  building  paper  unless  otherwise  noted  and  cured  as 
indicated  Ref  Steams  were  molded  and  cufed  in  concrete  forms.  In  all  cases  the  beams  were  removed  from  ground 
1  day  before  test  and  permitted  to  dry.  .  .  , 

Strength-ratio  is  the  ratio,  expressed  as  a  percentage,  of  the  modulus  of  rupture  for  a  given  method  of  curing  to  t  e 
average  of  the  values  for  2  in.  earth  wet  7  and  14  days. 

In  general,  each  value  is  the  average  of  5  tests. 

See  Fig.  7,  8,  10  and  12. 


Method  of  Curing 

Wa- 

ter- 

Etatio 

How, 

per  s 
cent 

2  in.  earth,  wet  7  days . 

.84 

147 

2  “  “  “  14  “  . 

.84 

146 

Average . 

.84 

146 

2  in.  earth,  wet  3  days . 

.84 

149 

2  “  “  “  3  “  . 

.83 

157 

2  “  *  “  7  “  . . 

.83 

154 

2  “  *  “14  “  . 

.83 

161 

2  “  “  “14  “  . 

.93 

178 

2  “  *  “  14  “  . 

1.05 

214 

2  “  “  “26  “  . . 

.84 

144 

2  “  “  “88  “  . 

.84 

143 

Air  curing,  no  surface  treatment. . . 

.84 

142 

“  “  “  “  “ 

.83 

156 

Asphaltic  paper,  top  only . 

.84 

150 

«  u  u  u 

.93 

175 

“  “  “  and  bottom.. 

.84 

153 

*  u  u  a  u 

.93 

175 

\y2  lb.  calcium  chloride  per  sq.  yd. 
2  lb.  “  “  “  “  “ 

.84 

149 

.84 

147 

y/2  ib.  “  *  “  “  “ 

.84 

150 

2^  lb.  “  “  “  , 

.82 

153 

2 Yi  lb.  calcium  chloride  per  sq.  yd. 
in  concrete  forms . 

.84 

146 

2Y  lb.  calcium  chloride  per  sq.  yd.; 
washed  off  after  3  hr . 

.84 

149 

2 y2  lb.  calcium  chloride  per  sq.  yd.; 
washed  off  after  1  day . 

.84 

152 

2y  lb.  calcium  chloride  per  sq.  yd. ; 
wet  earth  subgrade . 

.85 

152 

2 V<2  lb.  calcium  chloride  per  sq.  yd. 
dry  earth  subgrade . 

.85 

152 

2V6  lb.  calcium  chloride  per  sq.  yd. 

u  u  u  u  a  u  u 

.93 

181 

1.05 

214 

3  lb.  “  “  ‘  ‘ 

.84 

143 

5  lb.  “  “  “  ‘ 

.84 

147 

Sodium  silicate  undiluted  (l)s.. 

.85 

156 

Sodium  silicate  diluted  with  IY 
parts  water(3)8 . 

.84 

153 

Sodium  silicate  diluted  with  3 
parts  water  (3) 8 . 

84 

153 

Ref. 


Modulus  of  Rupture, 

lb.  per  sq.  in. 


1.6 

1.6 

2.3 
2.1 

2.6 
5.2 
7.9 

1.6 

1.5 

1.4 

2.4 

1.5 
5.0 
2.0 
5.0 

1.7 

1.6 

1.6 
2.1 

1.5 

1.7 

1.5 

1.5 

1.7 

5.5 
7.9 

1.5 

1.5 

1.7 

1.8 

1.8 


Strength-Ratio, 

per  cent 


3d. 

7d. 

14d. 

28d. 

90d. 

3d. 

7d. 

14d. 

28d. 

90d. 

445 1 

480 

530 

605 

100 

102 

99 

101 

460 1 

540 

595 

98 

101 

99 

445 

470 

535 

600 

100 

100 

100 

100 

340 1 

435 

490 

505 

565 

100  ‘ 

98 

104 

94 

94 

330' 

385 

435 

485 

540 

97 

86 

93 

91 

90 

340 1 

445 

480 

525 

76 

95 

90 

88 

370 1 

445 

545 

79 

83 

91 

4751 

475 

101 

89 

475 1 

460 

101 

86 

510 

95 

485 

81 

295 

345 

365 

385 

435 

87 

78 

78 

72 

73 

310 

340 

365 

400 

470 

91 

76 

78 

75 

78 

400 

410 

450 

465 

90 

87 

84 

78 

405 

425 

86 

79 

415 

445 

490 

460 

93 

95 

92 

77 

415 

450 

88 

84 

380 

410 

81 

77 

270 

415 

82 

79 

78 

370 

390 

410 

415 

495 

109 

88 

87 

78 

83 

380 

400 

395 

435 

515 

112 

90 

84 

81 

86 

470 

470 

535 

100 

88 

89 

280 

390 

81 

73 

390 

395 

415 

515 

88 

84 

78 

86 

415 

445 

88 

83 

375 

390 

80 

73 

275 

360 

80 

67 

2Q0 

350 

83 

65 

405 

405 

92 

86 

76 

395 

400 

410 

450 

89 

85 

77 

75 

340 

355 

390 

445 

76 

76 

73 

74 

350 

385 

74 

72 

355 

405 

76 

76 

‘ueaina  were  autuauy  uuuoi  ncrcaiiu  - 

52  per  cent  calcium  chloride  by  weight  of  cement  used  as  an  admixture  in  the  concrete. 

3Number  of  applications  of  sodium  silicate  in  parentheses. 

‘Strength-ratios  for  beams  tested  at  3  days  based  on  modulus  of  rupture  for  Ref.  13  at  3  days. 


Table  4.  Surface  Hardness  and  Change  in  Weight  of  Beams  and  Com¬ 
pressive  Strength  of  Cylinders 

Indentation  tests  for  surface  hardness  made  on  cured  surfaces  of  beams  using  V4-in.  steel  ball. 

Compression  tests  of  6  by  12-in.  concrete  cylinders  cured  in  damp  sand  until  1  day  before  test. 

Average  weight  of  test  beams  was  about  240  lb. 

In  general  each  value  for  indentation  load  is  the  average  of  10  to  20  determinations;  for  compression,  3  to  9  tests, 
lor  further  details  see  notes  accompanying  Tables  3  and  5 
Fig.  7.  0,  10.  12  and  Tahie  5. 


Ref. 


13 
14 2 
122 
82 
9 
10 

31 

32 

1 

22 

3 

5 

4 

6 

15 

16 
17 
18 2 
30 
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Concrete  Beams 


Method  of  Curing 


2  in.  earth,  wet  7  days. 
2  “  “  “  14  “  . 

Average . 


2  in.  earth,  wet  3  days. 

2  “  “  “  3  “  . 

2  “  “  “  7  “  . 

2  “  “  «  14  “  . 

2  “  “  “  14  *  . 

2  “  ‘  “  14  “  . 

2  “  *  “  26  “  . 

2  “  *  “  88  *  . 


Air  curing,  no  surface  treatment. 
Asphaltic  paper,  top  only . 


and  bottom. 


lb.  calcium  chloride  per  sq.yd 
2%  -  «  :  :  : 

2  H  -  a  “  “  « 

2 A  lb.  calcium  chloride  per  sq.  yd. 

in  concrete  forms . 

VA  lb.  calcium  chloride  per  sq.  yd 

washed  off  after  3  hr . 

2A  lb.  calcium  chloride  per  sq.  yd. 

washed  off  after  1  day . 

2A  lb.  calcium  chloride  per  sq.yd 

wet  earth  subgrade . 

2 A  lb.  calcium  chloride  per  sq.  yd 
dry  earth  subgrade . 

2  A  lb.  calcium  chloride  per  sq.yd. 

2A  “  “  *  “  “ 

3  “  «  «  «  ' 

5  *  «  «  «  ' 


Sodium  silicate  undiluted  (1) 3 . . 
Sodium  silicate  diluted  with  1H 

parts  water  (3) 3 . 

Sodium  silicate  diluted  with  3 
parts  water  (31s . 


Water- 

Ratio 


.84 

.84 

.84 

.84 

.83 

.83 

.83 

.93 

1.05 

.84 

.84 

.84 

.83 

.84 

.93 

.84 

.93 

.84 

.84 

.84 

.82 

.84 

.84 

.84 

.85 

.85 

.93 

1.05 

.84 

.84 

.85 

.84 


Change  in  Weight  1  Day 
Before  Test, 
per  cent  of  mixing  water 


3d. 


+  3.3 
+  5.5 


— 15.2 
7.2 


—  9.3 

—  2.2 


7d. 


+  6.6 


+  6.6 

+  1.6 
+  3.8 
+  5.5 


—18.0 

12.7 


-11.5 

-6.6 


15.3 
—15.3 
—  7.1 


—13.7 


13.6 

—15.9 

-18.6 


14d. 


—  3.3 
+  5.5> 


+  1.1 

—  4.4 

—  0.5 
+  1.6 
+  6.6J 
+  8.01 
+  5.01 


28d.  90d. 


4.9 

0 


—22.8 

-14.3 

-11.5 

-  8.9 

-  6.6 

-  6.4 

—20.2 
18.6 
— 20  7 
—  9.3 


-17.0 

— 17.0 

-16.4 

-17.5 
—20.5 
— 19.9 
— 16.9 
— 17  0 

—19.7 

— 21  31 

-19.6 


—  2.4 

—  8.7 

—  5.5 

—  5.5 
0 

—  2.5 

—  7 
+  5.7 


—27.2 

-20.3 

—14.8 

—11.4 

—  9.9 

—  7.9 

—21.8 
— 21.3 
— 21.9 
— 15 . 3 


— 21.3 


— 14.8 

— 19.2 
-26.0 
-27.1 
-20.8 
—18 . 6 

— 22.9 

— 25.1 

—25 . 1 


—  5.5 

—  5.5 


—  5.5 

—  7.1 

—  2.7 
+  4.4 

0 


Hardness  Test 
Indentation  Load,  pounds 


3d. 


7500' 

7000' 


7d. 


9100 1 


14d.  28d. 


10700 
1 1400 1 


+  10.4 


-32.7 

-16.5 


—14.3 


—15.3 


—21.3 

12 


—19.7 


-21  4 
—18. 


6600 

7400 


6500 

6500 


9100 

9200 

10300 

8600 


7700 

7500 


9800 


9700 


7»00 

7700 

7800 


8100 


11000 

10700 
10700 
10700 
1 1200 1 
9600 1 
8800 1 


7800 

7000 

6900 


7400 

8800 

10100 

9700 

10500 

9000 

8000 

8000 

8000 

7800 

8400 

7800 

8800 

8000 

7700 

7600 

6600 

8600 

7800 

6500 

6700 

8400 


10200 

12800 


11500 

10400 

10300 

11500 

11100 

10600 

9600 

11900 


7400 

9000 

11100 

10200 

11000 

10500 

8200 

8400 

8200 

8200 

9100 

8300 


8500 

8100 

7800 

7900 

7800 

8400 

8000 

7100 

8800 


90d. 


10800 

11100 


11000 

9900 

10200 

10800 

10700 


Cvl’s. 


Comp. 
Str., 
lb.  per 
°a.  in. 


28d. 


12000 


8800 

8700 


9900 


10100 


9500 

7900 


7400 


8500 


7700 

8700 


f0.tuaUy,un.df  wot-earth  covering  2  days  less  time  than  stated  under  method  of  curing. 
tr‘iCli™  chloride  by  weight  of  cement  used  as  an  admixture  in  the  concrete. 

-Number  of  applications  of  sodium  silicate  in  parentheses. 

Table  5. — Average  Compressive  Strength  of  Concrete 

in  e.,rdt^a^]SSIOmtestiS  °*j6  by  112'in-  cylil?ders  made  from  different  batches  of  concrete  used  in  beams;  cylinders  molded 
in  cardboard  molds  placed  on  plane  cast-iron  base  plates.  y  s  molaea 

in  general,  cylinders  were  capped  with  neat  cement  3  or  4  hr.  after  molding. 

rviwi  rem,ov,ed.a.fter  1  day  and  cylinders  cured  in  moist  sand  outdoors  until  1  day  before  test. 

Vouio®  tested  in  a  200,000-lb  testing  machine  using  spherical  bearing  block  underneath, 
batches  sampled™'™68''8  ^ th®  number  of  cyllnders  tested  at  each  age  and  in  general  represent  the  number  of  different 


4000 

4010 

4000 

4040 

3540 

3740 

3720 

3420 

3180 

4020 

4080 

4000 

3850 

4110 

3680 

3860 

3680 

4280 

3980 

4000 

3620 

3790 

4280 

3970 

3780 

3790 

3420 

3180 

4070 

3800 

3910 

4170 

4170 


Water- 

Ratio 

Flow, 
per  cent 

Slump, 

Compressive  Strength, 
lb.  per  sq.  in. 

7d. 

14d. 

28d. 

90d. 

.84 

.83 

.93 

1  .05 

149 

155 

176 

214 

1.6 

2.3 

5.0 

7.9 

2720  (8) 
2720  (5)* 
2730  (4) 
1860  (1) 

3420  (7) 
3340  (5)* 
2320  (4) 
2640  (2) 

4000  (65) 
3780  (23)* 
3560  (  9) 
3290  (  7) 

4010  (6) 
4380  (4)* 
4190  (3) 
3820  (2) 
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Table  6. — Tests  of  Concrete  Beams  and  Prisms  Made  on  Road  Job 

Transverse  and  indentation  tests  of  7  by  10  by  38-in.  beams. 

Compression  tests  of  6  by  6  by  12-in.  prisma. 

Age  at  test,  28  days,  unless  otherwise  noted. 

Cement:  Portland  B. 

Aggregate:  sand  and  pebbles  graded  0-2  in.  . _ _ 

Mix-  1-1  9-3  4  by  loose  volume  (aggregates  damp);  6  sacks  of  cement  per  cu.  yd.  of  concrete. 

Machine-mixed  concrete  (10-sack  batch);  mixed  1  M  min.  after  all  materials  were  in  drum 

Beams  and  prisms  cast  in  oiled,  wood  forms;  forms  removed  after  1  day  and  specimens  cured  as  indicated. 

Strength-ratio  for  calcium  chloride  curing  to  wet-earth  curing  expressed  as  a  percentage. 


Beams 

Weight,  pounds 

Modulus  of 
Rupture 

Indentation 

Load, 

pounds 

Form 

Off 

At 

Test 

Diff. 

lb.  per 
sq.  in. 

Strength- 

Ratio, 
per  cent 

Slump. 


Prisms 


Weight,  pounds 

Form 

Off 

At 

Test 

Diff. 

Compressive 

Strength 


lb.  per 
sq.  in. 


Strength- 

Ratio, 
per  cent 


Cured  with  2  in.  earth  wet  twice  daily  for  20  days 


2.8 

242.2 

243.7 

+1.5 

425 

100 

14400*  11700** 

38.7 

38.8 

+  .1 

3420 

100 

Cured  with  flake  calcium  chloride,  V/i  lb.  per  sq.  yd. 

2.8 

240.7 

238.0 

-2.7 

350 

82 

9100  . 

38.9 

38.3 

—  .6 

2680 

78 

♦Wolf  hpams  nr  cured  alter  28-aay  transverse  tens  aim  tcowm  «  ,  ,  .  , 

♦♦Half  beams  treated  with  1  to  4  solution  of  sodium  silicate  on  3  consecutive  days  after  28-day  transverse  tests  an 

tested  at  age  of  56  days. 


Table  7.— Change  in  Weight  of  Concrete,  Flake  Calcium  Chloride  and 
Solution  of  Calcium  Chloride  Exposed  to  Weather 

Concrete-  1-2  2-3  0  mix  by  loose  volume;  water-ratio  0.84;  exposed  in  sun  in  13J^-in.  diameter  metal  pan. 
FlXScium  chloriTe  and  1  to  1  solution  of  calcium  chloride  exposed  in  sun  in  13**n.  diameter  metal  pan. 
Each  value  is  the  average  of  4  duplicate  tests  made  during  4  successive  weeks. 

Minus  sign  indicates  a  loss  and  plus  sign  a  gain  in  weight. 

Tests  made  Aug.  19  to  Sept.  13,  1924. 

See  Fig.  13.  


Change  in  Weight  of  ConcreteT 

per  cent  of  mixing  water 

Covered  with  Flake 


Day 


Time 


9:00  a.m. 
11:00  a.m. 
1:00  p.m. 

3:30  p.m. 

9:00  a.m. 
11:00  a.m. 
1:00  p.m. 
3:30  p.m. 

9:00  a.m. 
11:00  a.m. 
1:00  p.m. 
3:30  p.m. 

9:00  a.m. 
11:00  a.m. 
1:00  p.m. 
3:30  p.m. 

8:30  a.m. 


Temper¬ 

ature, 

°F. 


76 

88 

93 

94 

74 

91 
98 
98 

76 

92 
98 

100 

73 

89 

95 
97 

73 


Relative 

Humid¬ 

ity, 

per  cent 


Change  in  Weight, 

per  cent  of  flake  calcium 
chloride 


59 

44 

34 

33 

54 

34 
22 
22 

47 

31 

26 

23 

51 
42 
30 
27 

52 


Calcium 

Chloride 

Solution 


0 

—11.6 

—23.6 

—33.6 

—23.6 

—33.8 

—47.0 

—57.2 

— 48.2 
— 53.4 
— 64.2 
—68.8 

—54.4 

—59.4 

—66.0 

—68.6 

—49.4 


Flake  Calcium 

Chloride 


2 Vi  lb. 

per 

sq.  yd. 


0 

0 

+  2.4 
+  2.9 

+62.0 

+39.0 

+28.0 

+28.0 

+61.0 

+41.0 

+29.0 

+28.0 

+78.0 

+51.0 

+30.0 

+28.0 

+97.0 


5  lb. 
per 

sq.  yd. 


Without 

Covering 


0 

+  2.0 
+  1.8 
+  2.1 

+43.0 

+35.0 

+26.0 

+27.0 

+52.0 

+43.0 

+30.0 

+28.0 

+60.0 

+50.0 

+35.0 

+31.0 

+73.0 


0 

—  8.1 
— 18.1 
— 21  9 

— 25.0 
—25.9 
—28.3 
—28.6 

—29.5 
—30.2 
—30  8 
—32.0 

—32.4 

—32.7 

—33.2 

—34.2 

—34.6 


2 y-i  lb.  per 
sq.  vd. 

5  lb.  per 

sq.  vd. 

Total 

Net 

Total 

Net 

0 

0 

0 

0 

+  0.2 

+  1 

+  15 

+  1 

—  5.0 

—  5 

—  1.7 

—  2 

—  6.9 

—  8 

—  2.7 

—  6 

—  3.1 

—14 

+  7.7 

—  7 

—  6.8 

—13 

+  0.6 

—12 

—  9.2 

—14 

—  4.5 

—14 

—10.1 

—14 

—  6.1 

—16 

-  7.6 

—18 

—  0.8 

—19 

—10.1 

—16 

—  4.5 

—20 

—12.5 

—17 

—  8.8 

—19 

-13.7 

—18 

-10.1 

—20 

—  9.6 
—12.5 

—23 

—21 

—  2.2 
-  6.8 

—24 

—24 

—14.9 

—18 

—10.7 

—23 

— 15.5 

—20 

— 11.4 

—22 

— 11.5 

-28 

—  1.5 

—27 
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Fig.  1. — General  View  of  Curing  Yard  at  Sacramento,  Calif. 


Fig.  2. — View  of  Beams  Molded  and  Cured  in  Concrete  Forms. 


Fig.  3. — Concrete  Mixer  and  Flow  Table. 
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Fig.  5. — Atmospheric  Temperature  and  Relative  Humidity. 

Data  from  the  Monthly  Meteorological  Summary  of  the  Sacramento  Station,  U.  S.  Weather  Bureau. 
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Fig.  6. — Typical  Daily  Temperatures  and  Humidities. 

Data  from  observations  made  at  curing  yard. 
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,Fig.  7. — Effect  of  Method  of  Curing  on  Modulus  of  Rupture  and  on  Surface 
Hardness  as  Measured  by  Indentation  Load. 

Transverse  tests  of  7  by  10  by  38-in.  plain  concrete  beams  loaded  at  1/3  points  of 
36-in.  span. 

Indentation  tests  for  hardness  made  on  cured  surface  of  half  beam  after  transverse 
test,  using  J^-in.  steel  ball. 

In  general  each  value  for  modulus  of  rupture  is  the  average  of  5  tests;  for  indentation 
load,  from  10  to  20  determinations. 

Data  from  Tables  3  and  4  plotted  in  order  of  descending  values  of  modulus  of  rupture 
at  28  days. 

Modulus  of  rupture  at  3  and  14  days  and  indentation  loads  at  3,  7,  14,  and  90  days 
not  shown. 


/~7&Ac//c'S  af/Cc/p/d/si?  —/A sp  //?. 
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Fig.  8— Modulus  of  Rupture  at  Different  Ages  as  Influenced  by  Method  of 

Curing. 

Transverse  tests  of  7  by  10  by  38-in.  plain  concrete  beams  loaded  at  1/3  points  of 
36-in.  span. 

In  general,  each  value  is  the  average  of  5  tests. 

Data  from  Table  3.  Compare  Fig.  9. 

Values  platted  are  for  concrete  of  0.84  water-ratio  without  calcium  chloride  admixtiure. 
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Fig.  9. — Indentation  Load  at  Different  Ages  as  Influenced  by  Method  of  Curing. 

Indentation  tests  for  hardness  made  on  cured  surface  of  half  beams  after  transverse 
test  using  54-in.  steel  ball. 

In  general,  each  value  is  the  average  of  10  to  20  determinations. 

Data  from  Table  4.  Compare  Fig.  8. 

Values  platted  are  for  concrete  of  0.84  water-ratio  without  admixture  of  calcium  chloride. 
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Fig.  10. — Relation  of  Modulus  of  Rupture  and  Indentation  Load. 

Transverse  tests  of  7  by  10  by  38-in.  plain  concrete  beams,  loaded  at  1/3  points  of 
36-in.  span. 

Indentation  tests  for  hardness  made  on  cured  surface  of  half  beams  after  transverse 
test  using  yi-in.  steel  ball. 

In  general,  each  value  is  the  average  of  10  to  20  determinations  for  indentation  load 
and  5  tests  for  modulus  of  rupture. 

Values  represent  all  conditions  of  test  given  in  Tables  3  and  4. 
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/Reference  f/c/rryber 

Fig.  11. — Flexural  and  Compressive  Strength  of  Concrete  from  Road  Job  Cured 
with  Wet  Earth  and  with  Calcium  Chloride. 

Age  at  test,  28  days. 

Two  beams  and  2  prisms  from  each  of  10  different  batches. 

Data  from  Table  6. 
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Cy?e7/7<?<g> //7  W£7/<?>/- 

Fig.  12.— Relation  Between  Modulus  of  Rupture  and  Change  in  Weight  of  Beams  Cured  Under  Different 

Conditions. 

Data  from  Tables  3  and  4. 

Values  platted  are  for  concrete  of  0.84  water-ratio,  without  admixture. 
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Fig.  13. — Change  in  Weight  of  Concrete  and  Calcium  Chloride  Exposed  to 

Weather. 


Data  from  Table  7. 
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Shows  How  Damp-Sand  Curing  Improves  Quality  of  Concrete, 
by  Crook  and  Faulkner.  Eng.  News-Rec.,  v.  92,  p.  1050,  1924. 

Effect  of  curing  on  permeability  and  compressive  strength,  and  effect  of  oil  on  concrete 
cured  under  different  conditions. 

Curing  Period  for  Concrete  Roads,  by  H.  F.  Clemmer.  Proc.  Am. 
Road  Builders  Assn.,  1924;  Canadian  Eng.,  v.  46,  p.  456,  April  22, 
1924. 

Possibility  of  cutting  down  curing  period;  use  of  calcium  chloride.  Experiments 
conducted  by  Illinois  Dept,  of  Highways. 

Can  We  Cut  Down  the  Curing  Period  for  Concrete  Roads?,  by 
H.  F.  Clemmer.  Concrete,  v.  24,  p.  148,  April,  1924. 

Describes  use  of  calcium  chloride  for  external  treatment;  properties,  wearing  of 
surface,  internal  treatment,  etc. 

Calcium  Chloride  for  Curing,  by  C.  L.  McKesson.  Western  High¬ 
ways  Builder,  v.  7,  p.  18,  Feb.,  1925 ;  California  Highways,  v.  2,  p.  5, 
Feb.,  1925 ;  Sand  and  Gravel  Bull.,  v.  6,  p.  9,  April  5,  1925. 

Efficiency  of  calcium  chloride  in  curing  concrete  determined  by  compression  tests  on 
6  by  6  by  12-in.  prisms  and  4^ -in.  cores  from  pavement.  CaCU  80  to  90%  efficient  and 
recommended  only  where  water  is  scarce. 
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Calcium  Chloride  as  an  Admixture  in  Concrete 


Concrete  Hardening  Accelerated  by  Calcium  Chloride.  Concrete, 
Sept,  1919. 

Compressive  strength  of  2-in.  cubes  with  0  and  4%  calcium  chloride  up  to  1  yr. 
Increase  in  strength  with  CaCl2.  Rusting  accelerated  by  CaCl2. 

Effect  of  Calcium  Chloride  and  Sodium  Chloride  on  Strength  of 
Concrete,  by  Pulver  and  Johnson.  Johnson’s  Materials  of  Construc¬ 
tion,  by  Withey  and  Aston,  p.  449,  1919. 

Compression  tests  of  4-in.  cubes  at  ages  of  14,  60  and  360  days  at  room  temperature 
and  at  freezing  temperatures;  calcium  chloride  increased  strength. 

Effect  of  “Cal”  as  an  Accelerator  of  Hardening  of  Portland 
Cement,  by  R.  N.  Young.  Tech.  Paper  174,  U.  S.  Bureau  of  Stand¬ 
ards,  Oct.  11,  1920;  Concrete  (CMS),  March,  1920,  p.  79.  Abstract, 
Public  Works,  v.  50,  p.  278,  April  2,  1921. 

“Cal”  is  an  oxychloride  of  calcium. 

Industrial  Chemistry  Problems  Relative  to  Treatment  of  Cement. 
(Influence  of  Addition  of  Calcium  Chloride  on  Strength  of  Portland 
Cement),  by  R.  C.  Platzmann.  Proc.  German  Portland  Cement  Mfr, 
1922,  p.  76;  Zement,  v.  11,  137  and  151,  1922;  Chemical  Abstracts, 
v.  16,  p.  4318,  1922. 

.  Calcium  Chloride — 2.4  to  5%  added  to  mixing  water  to  hasten  setting  and  prevent 
shrinkage.  Tensile  and  compressive  strengths  tabulated  with  different  percentages  of  CaCl2. 
Increases  constancy  of  volume  and  generation  of  heat  during  setting.  Concrete  containing 

calrnum  chloride  less  readily  attacked  by  gases  which  in  presence  of  water  form  H2SOa 


Calcium  Chloride  in  Concrete.  Concrete,  v.  20,  p.  176,  April,  1922. 

Reduced  time  of  set  may  prevent  freezing  before  setting.  Not  recommended  in  rein- 
torced  concrete  exposed  to  extreme  moisture. 


Use  of  Calcium  Chloride  as  Protection  Against  Freezing  of  Con¬ 
crete,  by  Cottringer  and  Kendall.  Concrete,  April,  1923,  p.  150. 

Report  of  Cooperative  Series  of  Tests  on  Accelerators.  Proc.  Am. 
Soc.  Testing  Materials,  v.  23,  1923.  Abstract,  Eng.  and  Contr.,  v.  60 
p.  358,  Aug.  22,  1923. 


Jests  using  different  accelerators  by  Bureau  of  Standards,  Lehigh  Portland  Cement  Co., 
City  °f  Philadelphia,  Lewis  Institute,  Hydro-Electric  Power  Commission,  Pennsylvania  State 
Highway  Comm.,  Delaware  State  Highway  Comm.,  and  New  Jersey  State  Highway  Comm. 

Twelve-Hour  Compressive  Strength  Tests.  Municipal  Improve¬ 
ments  (Canada  Cement  Co.,  Montreal),  July,  1923,  p.  24. 

c  ,  Tests  on  1-1  and  1-3  standard  sand  mortars,  with  and  without  calcium  chloride  up  to 
oyo  by  weight  of  cement,  and  different  temperatures  of  mixing  water. 


Use  of  Calcium  Chloride  in  Cement  and  Concrete  as  Protection 
Against  Cold,  by  R.  V.  Frost.  Published  by  State  Testing  Laboratory, 
Stockholm,  1924. 


Calcium  Chloride  as  Admixture  in  Concrete,  by  D.  A.  Abrams. 
Proc.  Am.  Soc.  Testing  Materials,  v.  24,  part  2,  p.  781,  1924;  Bull.  13, 
Structural  Materials  Research  Laboratory,  1924 ;  Concrete,  v.  26,  p.  99 
March,  1925. 

Compression  tests  of  about  7500  specimens  of  concrete  and  mortar  using  calcium 
chloride  and  other  soluble  compounds  of  calcium  chloride  base  as  admixtures.  Tested  at  ages 
ot  2  days  to  3  years  for  wide  range  of  mixtures,  consistencies  and  curing  conditions.  Few 
tests  on  concrete  cured  at  low  temperatures  included.  The  principal  conclusions  from  these 
tests  may  be  summarized  as  follows: 

.  ,In  use  of  calcium  chloride  no  advantage  was  gained  for  percentages  of  the  com- 
product  greater  than  2  or  3  per  cent  of  the  weight  of  cement;  (chlorine  content 
1  -vLi  ^rPeri.C^Fi-  ■  Thls  am°unt  when  used  in  mixes  of  about  1-5  and  in  consistencies 
i  on  .  5,n„°L  building  _  construction  showed  an  increase  in  compressive  strength  of  from 
1UU  to  200  lb.  per  sq.  in.  which  increase  was  practically  constant  at  ages  of  2  days  to  3  years, 
ror  richer  mixes  and  drier  consistencies  the  strength  increase  was  greater  and  for  leaner 
mixes  and  wetter  concretes  it  was  less. 


